An Experimental Investigation of the Effects of Varying Working Conditions on the Characteristics of Explosive Combustion in a Gas Engine by Small, James
AN EXPERIMENTAL INVESTIGATION OP THE EFFECTS’ 
OF VARYING WORKING CONDITIONS ON THE CHARAC­
TERISTICS OF EXPLOSIVE COMBUSTION IN A GAS
ENGINE.
------------------ o 0 o — — - — —
By
James Sm all




INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 13905321
Published by ProQuest LLC(2019). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
An e x p e r im en ta l in v e s t ig a t io n  o f  th e  e f f e c t s  o f  
V arying Working C o n d itio n s on th e  C h a r a c te r is t ic s  o f  
E x p lo s iv e  Combustion in  a Gas E n g in e .
I n tr o d u c t io n .
3h m ost thermodynamic a n a ly se s  o f  th e  gas en g in e  
w orking c y c l e ,  i t  i s  found th a t  th e  p e r io d  o f  com bustion  
i s  l e f t  out o f  a c co u n t, and f in  th e  in fr e q u e n t c a se s  in  
w hich i t  i s  d e a lt  w i t h ; such r e s u l t s  a s  may be o b ta in ed  
from i t  are regard ed  as u n r e l ia b le  b ecau se  o f  th e  very  
g r e a t  u n c e r ta in ty  w hich e x i s t s  about th e  c o n d it io n  o f  the  
gaseou s charge during th e  burn ing p e r io d . This i s  due 
to  the v ery  s p e c ia l  d i f f i c u l t i e s  which are to  be overcome 
in  any a ttem p t to  f in d  ou t what i s  happening in  th e  
c y lin d e r  o f  th e  en g in e  during th e  e x p lo s iv e  s ta g e .
A r e la t e d  problem i s  th a t  o f  knowing w ith in  what 
l im i t s  in  th e  c y c le  th a t  s t a t e  o f  therm al i n s t a b i l i t y  
w hich fo l lo w s  ig n i t io n  may be assumed to  e x i s t .
No exam in ation  o f  the p ro cess  o f  com bustion in  gas 
e n g in e s  i s  l i k e l y  a t  th e  p r e se n t sta g e  to  le a d  to  a 
m astery o f  it®  c h a r a c t e r i s t i c s ,  for  a t  th e  in s ta n t  o f  
com bustion the burn ing mass i s  e q u a lly  o u ts id e  th e  
e x p e r ien ce  o f  the ch em ist, th e  p h y s ic is t  and th e  e n g in e e r .  
I t  i s  composed o f  a number o f  chem ical ”com plexes”— th a t  
i s  to  sa y , gaseous m atter o f  no r e c o g n ise d  chem ical form— 
th e  s t r u c tu r a l  system  o f  which i s  in  a s t a t e  o f  in te n se  
v ib r a t io n  g iv in g  r i s e  to  r a d ia t io n  o f lon g  or o f  sh o rt  
wave le n g th s ,  or o f  b o th . I t s  thermodynamic c o n d itio n  
i s  n o t s a t i s f a c t o r i l y  e x p r e s s ib le  s in c e  th e  number o f  
m o lec u les  o f  the gas in  if. l o l l y , - and th e  q u a n tity  and the  
q u a lity  o f  the energy r a d ia te d  during th e  combustion  
p e r io d /
p e r io d  are  v a r ia b le  with, r e s p e c t  to  tim e and w ith
r e s p e c t  to  th e  co m p o sitio n  o f  th e  i n i t i a l  ch arge.
The in v e s t ig a t o r  th e r e fo r e  can do l i t t l e  more than
r e c o r d  h i s  o b s e r v a t io n s  o f  th e  e f f e c t s  o f  vary in g  fa c to r s
and th u s c o n tr ib u te  to  th e  framework o f  f a c t s  upon which
a com prehensive th eo ry  may u l t im a t e ly  be b u i l t .
I n v e s t ig a t io n s  o f  th e  e x p lo s iv e  com bustion o f  gases
have f a l l e n  rou gh ly  in to  th ree  c a t e g o r ie s .  The f i r s t  i s
th e  o b se r v a tio n  o f  th e  e f f e c t s  o f  v a ry in g  com bustion
c o n d it io n s  upon en g in e  perform ance, em bracing a stu d y  o f
tu r b u len ce  and sp eed  o f  com bustion; th e  second co n ta in s
exp erim en ts on th e  h e a t  l o s s e s  and th e  changes in
tem p era tu re , tke- p ressu re  and s p e c i f i c  h e a t o f  ga ses
exp lod ed  in  a s ta t io n a r y  c lo s e d  v e s s e l .  The th ir d
com prises a l l  th e  v i s u a l  o b s e r v a t io n s  upon flam e -  speed
and lu m in o s ity  o f  com bustion in  g la s s  v e s s e l s .
These c a te g o r ie s  are r ep re sen ted  r e s p e c t iv e ly  by
Clerk* s E xperim ents on th e  speed o f  inflam m ation w ith
(1) (2) (3)
and w ith o u t tu r b u len ce ; by Hopkinson*s and D avid*s
exp erim en ts on e x p lo s io n  tem peratures and h e a t lo s s e s
by co n d u ctio n  and r a d ia t io n ;  and by th e  photographic  
(4) (5)
work o f  D ixon, E l l i s  and W h eeler, and Bone and h i s  
( 6)
a s s o c i a t e s •
From th e en g in eer  *s p o in t  o f  view  the d isad van tage  
o f  work such as H opkinson*s and David*s i s  th a t i t  was 
c a rr ie d  o u t a t  com p aratively  low p r e ssu re s  in  a s t a t io n ­
ary v e s s e l  under n o n -tu r b u le n t c o n d it io n s  and w ith  the  
c y lin d e r  w a l l s  a t  th e  atm ospheric tem p erature.
 T he/ _____________________ ;_____________________ _ _______
(1) B .A .G aseous E x p lo s io n s Committee. F i f t h  R ep ort.
(2) P roc .R oy .S oc . A77. 1906 p .3 8 7 .
(3) P h il.F r a n s .R o y .S o c . A211 p .3 75 .
P ro c .In st.M ech .E n g rs . V o l . I I .  1924 p .741 .
(4) Vide "Flame and Combustion in  Gases" Bone and Townend.
(5) Journal o f  Chem .Socy.Feb. 1927 .
(6) Vide "Flame and Combustion in  Gases" Bone and Townend.
The sp eed  o f  p rop agation  o f  th e  flam e was low and
th e  r a t e s  o f  c o o lin g  cou ld  n o t  he co n sid ered  a s c lo s e ly
com parable w ith  th o se  in  a gas e n g in e .
The p h otograp h ic  exp erim en ts -  perhaps the m ost
rem arkable exam ples o f  which are th o se  r e c e n t ly  r ep o rted
(1)
by Bone and F raser  -  s u f f e r  from th e  d isad van tage  th a t  
th ey  are n e c e s s a r i ly  c a r r ie d  ou t a t  low p ressu re  and a lso  
th a t  th e r e  are no sim u ltan eou s r eco rd s  o f  p ressu re  or 
tem perature ch an ges.
There i s ,  how ever, c o n s id e r a b le  v a lu e  in  photograp hic  
r e c o r d s  as an in d ic a t io n  o f  th e  inode o f  p rop agation  o f  
com bustion in  an exp loded  mass o f  g a s . I t  would be much 
b e t t e r ,  th ere fo re ;, i f  sim u ltan eou s p ressu re  and tem pera­
tu re  r e c o r d s  were a v a i la b le  to  en ab le  th e  observer  to  
c o - r e la t e  th e  v i s u a l  phenomena w ith  the therm al and 
p h y s ic a l changes w hich accompany them.
In some o f  th e  work h e r e in  d escr ib ed  the attem p t  
h a s been made to  do t h i s  fo r  th e  com bustion o f  th e  gaseous  
charge in  the gas e n g in e .
Among th e  p o in ts  about which th ere  has been some 
d is c u s s io n  and d iv erg en ce  o f  view  i s  w hether the in s ta n t  
a t  which maximum p ressu re  i s  reached corresponds (assum ing
a s p h e r ic a l  v e s s e l  w ith  the ig n i t in g  spark a t  the cen tre)
(2)
to  the in s ta n t  a t  w hich the flam e fr o n t  reach es th e  w a l l s .  
And another p o in t a t  is s u e  i s  whether chem ical s t a b i l i t y  
i s  com plete by th^ tim e the flam e rea ch es  the w a l ls  o f  
th e  v e s s e l .  Hie r ec o rd  o f  th e  luminous p art o f  the  
com bustion in  co n ju n ctio n  w ith  th a t o f  p ressu re  changes, 
h as a b ea r in g  on th e se  m a tte r s .
 T he/ _____   — _______
(1) P h il.T ra n s  .Roy .S o c y . 1 9 29 . V ol.228A , p .197 .
(2) Hopkinson R p o c .Roy .S o c y . Vol.77A 1906 .
W heeler and Payman Trans .Chem .Socy. 123(1923) •
"Flame and Combustion in  Gases" Bone and Townend, p .1 36 .
The d u ra tio n  o f  th e  lum inous c o n d it io n  h a s been
found in  th e  p r e se n t  t e s t s  to  vary w ith  c e r ta in  w orking
c o n d it io n s  o th er  than  the a i r / g a s  r a t i o .  The manner
o f  t h i s  v a r ia t io n  i s  o f  c o n s id e r a b le  in t e r e s t  from th e
p o in t  o f  v iew  o f  h e a t  l o s t  by r a d ia t io n  from the
burn ing ch a rg e . I t  w i l l  be se en  th a t  v i s u a l  exam ination
o f  the e x p lo s io n , s im u lta n e o u s ly  w ith  th e  ta k in g  o f
p ressu re  and o th er  r e c o r d s , h as an im portant b ea r in g
on th e  su b je c t  o f  " a fter -b u rn in g "  -  a con cep tio n  o f  the
com bustion p ro cess  which gave r i s e  to  much d iv erg en ce  o f
view  when put forw ard by C lerk  many y e a r s  ago and i s
s t i l l  a su b je c t  o f  s e r io u s  d is c u s s io n  among ch em ists  and 
(1)
e n g in e e r s . The b ea r in g  o f  th e se  t e s t s  upon t h i s  su b je c t
le d  to  in c lu s io n  in  t h i s  exp erim en ta l work o f  an
(2)
a p p l ic a t io n  o f  C le rk ’ s " z ig -z a g  Diagram" method to  the  
d eterm in a tio n  o f  h e a t  l o s s e s  in  an en g in e  c y lin d e r  in  order  
to  t e s t  h i s  d e d u c tio n s . T h is i s  the f i r s t  attem pt as fa r  
as th e  w r ite r  knows to  r e p e a t  C lerk ’ s experim ent in  i t s  
e n t i r e t y .
Perhaps the m ost f r u i t f u l  part o f  the work h e r e in  
d e sc r ib ed  i s  th a t  in  which c a r e fu l o b se r v a tio n s  o f  the  
r a d ia t io n s  in  th e  red  band df the spectrum were made by 
means of^ p o la r is in g  pyrometer during the combustion sta g e  
under d i f f e r e n t  c o n d it io n s  o f  sp ark -an gle  and o f  a ir /g a s  
r a t i o .  These provide ground fo r  s p e c u la t io n  on the  
d is t r ib u t io n  o f  tem perature throughout the gaseous mass 
and on the fa c to r s  c o n tr o l l in g  th e  g en era l r a d ia t io n  
du rin g  com bustion .
Arrangem ent/
( ! )  Vide "Heat Loss in  Gas Engines" by W .T.David. P roc. 
I h s t .o f  Mech.Eng. 1924 V o l . I I .
(2) Proc.Roy .S o c y . Vo 1 .77  A 1906.
5Arrangement o f  th e  R e p o r t .
I f  the t e s t s  were d e sc r ib e d  s t r i c t l y  in  th e  
c h r o n o lo g ic a l  order in  w h ich  they  w ere perform ed th ere  
w ould be an app arent la c k  o f  c o h e s io n # . On th e  other  
hand i t  i s  h ig h ly  d e s ir a b le  th a t  th e  work in  g en era l  
sh ou ld  be d e sc r ib e d  in  th e  order in  which i t  develop ed  
so th a t  m o d if ic a t io n s  made to  th e  apparatus may be 
more r e a d i ly  u n d e rsto o d . A compromise seems to  be 
c a l le d  fo r  and th e  arrangem ent o f  th e  r e p o r t adopted  
i s  a s  fo l lo w s :
I .  A d is c u s s io n  o f  th e  d isp la c e d  or o u t-o f-p h a se  
in d ic a to r  diagram , i t s  geom etry and tra n sfo rm a tio n  ( t h i s  
was u sed  in  a l l  th e  t e s t s ) .
I I .  A d e s c r ip t io n  o f  th e  apparatus d e v ise d  by th e  w r ite r  
fo r  a l l  the t e s t s  in  g e n e ra l and o f  th e  apparatus d esign ed  
fo r  th e  ph otograp h ic  r e c o r d s  in  p a r t ic u la r o
I I I .  An exam in ation  o f  photograp hic reco rd s o f  com bustion  
o b ta in ed  under n o ted  c o n d it io n s , and some a u x i l ia r y  
t e s t s  o f  c o l l a t e r a l  e f f e c t s  on exh au st tem p erature, e t c .
IV. A d e s c r ip t io n  o f  t e s t s  made to  examine th e  e f f e c t s  
o f  w o r k in g .c o n d it io n s  on the in d ic a to r  diagram , and a 
su g g ested  method o f  o b ta in in g  an approxim ate f ig u r e  fo r  
th e  r a te  o f  lo s s  o f  h e a t from the working su b stan ce  
d u rin g  th e  com bustion .
V. A rev iew  o f  C lerk ’ s nz ig -z a g  diagram" method for  
o b ta in in g  r a te s  o f  h ea t l o s s  and s p e c i f i c  h e a t s ,  and a 
commentary on h i s  r e s u l t s .
V I. A d e s c r ip t io n  o f  the apparatus u sed  and th e  t e s t s  
made in  exam ining the c h a r a c t e r is t ic  changes in  the  
r a d ia t io n  o f  th e  red  band o f  the spectrum during the 
com bustion in  th e  engine under d i f f e r e n t  working  
c o n d it io n s .
(o
SECTION I
THE 8 OUT-OF-PHASE11 INDICATOR DIAGRAM.
The o rd in a ry  in d ic a to r  diagram taken  from an 
in t e r n a l  com bustion en g in e  h a s the d isa d v a n ta g e  th a t  
th e  i g n i t io n  and com bustion p r o c e sse s  take p la c e  near  
th e  end o f  th e  stro k e  where th e  p is to n  speed i s  n ea r ly  
z e r o .  The r e s u l t  i s  a crowding to g e th e r  o f  im portant 
p res su re-volum e changes in  such a way a s to  render  
them o b scu re . I t  has become a common p r a c t ic e ,  fo r  
c e r ta in  p u rp o ses, to  put the in d ic a to r  d r iv e  o u t o f  
phase w ith  the crank so th a t  the p is to n  d isp lacem en t  
s c a le  i s  opened up and th e  changes near the crank  
d e a d -c en tre  are more e a s i l y  tra c ed  by th e  o b se r v e r .
For a ccu ra te  q u a n t ita t iv e  and a n a ly t ic a l  work, how ever, 
t h i s  ty p e  o f  diagram h as n o t ,  as fa r  as th e  w r ite r  knows, 
been s e r io u s ly  u s e d . For th e  in v e s t ig a t io n s  la t e r  
d e s c r ib e d , an o u t-o f-p h a se  in d ic a to r  d r iv e  was n ecessa ry  
s in c e  i t  was the aim to  measure tim e and crank an g les  
during th e  e x p lo s io n  p e r io d . But th e  diagram has 
ad van tages ap art from i t s  property o f  m agn ify ing  the  
volume changes a t  the dead c e n tr e . The e r r o rs  due to  
the drum f r i c t i o n  and t o  drum in e r t ia  are m ost pronounced 
in  t h e i r  e f f e c t s  on the len g th  o f  th e  drum cord a t the  
ends o f  the diagram . By th e  d isp lacem en t o f  th e  
diagram , th e se  e f f e c t s  are removed from the reco rd  o f  
the com bustion p r o c e ss .
Geometry o f  th e  Diagram. I f  the r a t io  o f  th e 'le n g th  (1) 
o f  th e  con n ectin g  rod to  th e  len g th  (r) o f  th e  crank i s  
d enoted  by n i t  may be shown th a t fo r  any p o s it io n  o f  
the crank a t  an an g le  to  the inner dead cen tre  
( se e  F ig .  I ) th e  p is to n  d isp lacem en t (js) from the  
b eg in n in g  o f  i t s  s tro k e  i s  g iven  by
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sNow i f  th e  c o n n e c tin g  rod  and crank in  q u e s t io n  are  
th o s e  o f  th e  a u x i l ia r y  gear d r iv in g  th e  in d ic a to r ,  and 
i f  t h i s  a u x i l ia r y  crank i s  s e t  a t  an a n g le  OC in  
advance o f  th a t  o f  th e  en g in e we can ex p ress  the  
d isp la ce m en t o f  one in  terms o f  th e  d isp lacem en t o f
th e  o th e r . This i s  what i s  r e q u ir e d  in  tran sform in g  
th e  d is p la c e d  diagram in to  the ord in ary  diagram . The 
s tr o k e  i s  2r and th e r e fo r e  th e  f r a c t io n a l  d isp lacem en t  
^from e q u a tio n  (1 ) )  i s
f  -  Sr  ( Z )
S o lv in g  fo r  (5 we h a v e ,
e>in^ 3 = i — cosp +n - Z f  
nz -  Sin7-(i -  I -+ cos*(3 + n* + 4 -f Z~ 2 cos p 4 Zn 2nffosp +4|.cos(*-Aj<1 
+ i - a  2  cos (3 (l + fl -  2-j )
_ n -H -zf -  _nX-J.  _ (O
As a check on t h is  r e s u l t  we n o te  th a t cos p = 1 when 
f  = 0 and c o s  [3 = -1  when f  = 1 .
The symbol f  d en otes th e  f r a c t io n a l  d isp lacem en t o f
some p o in t  on the o u t-o f-p h a se  diagram . So lve  fo r  p .
S u b s t itu t in g  (p-cA) fo r  p> in  the above ex p r ess io n
we g e t  two v a lu e s  fo r  f  which are v a lu es  o f  the
corresp on d in g  a l t e r n a t iv e  d isp la cem en ts on the tru e
diagram . One o f  the two r o o ts  a p p lie s  to  the forward
str o k e  and th e  oth er  to  the r e tu r n  strok e o f  the p is to n .
W ritin g  0 fo r  (p-d) and f f fo r  th e  tru e f r a c t io n a l
d isp lacem en t o f  th e  p is to n  we have from (2) . 
j!1 \   ^ cos0 -m  -  /n 2--sin^Q }
«  Ja^ L -  -k |co5 0 +     ( 4 )
Choice o f  phase a n g le . The common p r a c t ic e  i s  to  make 
oC= 9 0 ° . This h as the g r e a t  advantage o f  s im p lify in g  
the r e la t io n s h ip  so th a t th e  two r o o ts  o f  (2) are  
e q u a l/
9eq u a l*  But i t  w i l l  be seen  th a t  when th e  crank  
o f  th e  e n g in e  i s  on i t s  inner dead cen tr e  th e  c o r r e s ­
ponding d isp la ce m en t on th e  d is p la c e d  diagram i s  
g r e a te r  th a n  h a l f  th e  strok e*  Shat i s  to  say, the  
m otion  o f  th e  en g in e  p is to n  through more than h a l f  
o f  i t s  s tr o k e  from th e  inner dead cen tre  i s  record ed  
on the d is p la c e d  diagram by c o n sid er a b ly  l e s s  than  
h a l f  the le n g th  o f  th e  diagram* For th e  p a r t ic u la r  
purpose to  w hich  th e  d is p la c e d  diagram was a p p lied
in  th e  in v e s t ig a t io n s  r ep o rted  l a t e r ,  th is  was a d e f in i t e
d i f f i c u l t y .  A v a lu e  o f  oL l e s s  than 90° had to  be 
ch o se n . What was co n sid ered  th e  n ex t b e s t  ch o ice  was 
th a t  a n g le  w hich made th e  m id -p o in t o f  th e  d isp la ce d  
diagram  c o in c id e  w ith  the inner dead c e n tr e . To f in d  
th  i s  a n g le , c l , put r  fo r  s^  in  eq u ation  (1) .
t  ~ -+ l( l + rf
co sd  •= n  (i -  Jric-  s i t M )
or h  — Cos^d *  / f a 2- — £trtx<d 
Squaring cos2<£ -  Zn cosoC -+n*~ = n / ’-sin^ d ,
Zfacosd — 1 or cosoC = T^n.
In th e  en g in e  under rev iew  1 = 4 1 .3 5  in s  and
4 1 .3 5r  = 7 . 5  in s  so th a t  n = K = 5 .5 1 3 3 .
S u b s t i tu t in g  t h i s  in  (4) we g e t  c t  = 8 4 °4 8 f .
The crank angle corresp ond ing  to  maximum p is to n  
sp eed  i s  very  n e a r ly  80° • In d ica to r  drum cord e f f e c t s  
are th e r e fo r e  a t  a minimum near th e  m id -p o in t o f  the  
d is p la c e d  d iagram s.
When th e  more troublesom e c a lc u la t io n s  in vo lved  
in  u s in g  an odd phase a n g le  are once made and tab u la ted  
i t  h as th e  v ery  d e f in i t e  advantage th a t  a sim ple  
b i s e c t io n  o f  th e  d isp la c e d  diagram p rov id es u s  a t  once 
w ith  th e  c o n d it io n s  a t  th e  inner dead cen tre  o f  the p is to n .  
C a lc u la te d /
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C a lc u la te d  tra n sfo rm in g  v a lu e s *
When th e  phase a n g le  was f i x e d ,  the f r a c t io n a l  
d isp la c e m e n ts  on the tr u e  diagram corresp on d in g  to  
f o r t i e t h s  and f i f t i e t h s  o f  the s tr o k e  on th e  d isp la c e d  
diagram s were c a lc u la t e d .  These are c o l le c t e d  in  
T ab le 1 . The v a lu e s  are  g iv en  to  more than the  
p r a c t i c a l  d egree  o f  accu racy; but th e  t a b le ,  the  
f ig u r e s  on w hich were run out on a c a lc u la t in g  m achine, 
i s  now stan d ard  fo r  th e  e n g in e . A p eru sa l o f  the  
v a lu e s  g iv e s  a very  c le a r  id ea  o f  th e  manner in  which  
th ey  v a r y .
G eom etrica l c o n s tr u c t io n  fo r  tran sform in g  diagram .
R e fe r r in g  to  F i g . £ ,  |x 7 , l e t  OD r e p r e se n t  the
d is p la c e d  crank d r iv in g  th e  in d ic a to r  w h ile  OE, a t  an 
QO
an gle^ b eh in d  i t ,  r e p r e s e n ts  the crank o f  the e n g in e .
The h o r iz o n ta l  d iam eter AB r e p r e s e n ts  the s tr o k e . With
a r a d iu s  eq u a l to  n tim es OD or OE and w ith  c e n tr e s  on
BA produced, draw a rcs  DC and EF. Now the f r a c t io n a l
ACd isp la cem en t on the d isp la c e d  diagram i s  —  ^corres-
ponding to  th e  tru e  f r a c t io n a l  d isp lacem en t o f  the
p is to n  — . I t  i s  c le a r  how a d isp lacem en t AC on the  
AB i
d is p la c e d  diagram may be transform ed to  the d isp lacem ent
AF on the tru e  diagram .
A ch a rt co n str u c ted  in  the fo llo w in g  manner,
h ow ever, a f fo r d s  a means o f  tran sform in g r a p id ly  the
one diagram to  the o th e r ,  w ith  a s u f f i c i e n t  degree o f
ap p rox im ation . In F i g .  5 ,  j3*”^  the h o r iz o n ta l  diam eter
AB a g a in  r e p r e se n ts  the s tr o k e . Draw EE a t  OC to AB
as shown. Now d iv id e  DE in to  as many equal p a rts  as
may be d e s ir e d . With r a d iu s  eq ual to  n tim es OA, and
c e n tr e  on BA produced^draw arcs from the p o in t o f
d i v i s i o n ,  such a s C, to  cut the c ircum ference o f  the
TABLE.
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c i r c l e  as in  C • With th e  same r a d iu s  h u t w ith  
c e n tr e s  on ED produced now draw a r c s  from such p o in ts  
as G1 to  m eet th e  d iam eter EE in  such p o in ts  as c".
The d is p la c e m e n t  AC on th e  o u t-o f-p h a s e  diagram  
co rresp o n d s to  the tru e  d isp la cem en t DC1' ; fo r  th e  
a n g le  AOC* = ( i , and which i s  the a n g le  o f  the
e n g in e  crank, = DOC1 . I f  a p o in t 0 he chosen on 
ED produced such th a t  0* D r e p r e se n ts  the c lea ra n ce  
volum e to  th e  same s c a le  a s  EE r e p r e s e n ts  th e  strok e  ’ 1 
volu m e, then  0* c ” r e p r e se n ts  th e  t o t a l  volume c o rr es­
ponding to  th e  p o in t  C on the h ase  o f  the d isp la c e d  
diagram .
F ig .  A  i s  th e  ch a rt c o n stru c ted  in  t h i s  way fo r  
th e  en g in e  in  q u e s t io n , showing crank d isp lacem en t 
a n g l e s •
The d ir e c t  tra n sfo rm a tio n  o f  g r a d ie n t s ,
(S ee  F ig .  5 - ) .  On d i f f e r e n t ia t in g  eq u ation  (1)
+   <5 >
Where ft h as th e  v a lu e  ((i-  ) > as eng in e  crank,
% •  * • ( « « » - > )  +  y t e f t : ? , ] - - - -  <b)
Now a t  a p a r t ic u la r  p o in t on the d isp la c e d  diagram  
l e t  th e  g r a d ie n t  hy g iv en  hy • Suppose the elem ent 
o f  d isp la ce m en t S*, on the d isp la c e d  diagram to  correspond  
w ith  %$ on th e  tru e  diagram ; but in  both the increm ent 
o f  p r e ssu re  S|p i s  the same and so a l s o  i s  the increm ent 
o f  a n g le  . The tru e  g ra d ien t on th e  tru e diagram
i s  ^  . S j> Ss,
+- ^  Ss  Ss.True g r a d ie n t  = taru£_ _ _  -  «  -£ 7 *
Apparent g r a d ien t tan<£>, ^r
0  Si & p
And/'
D C R A /V i<o 10
ON ‘ O U T - I O F - P H A S E  D I A G R A M
FIG. 4
12
And t h i s  in  th e  l im i t  i s
S<nft cosft
dg_ _  Slftfi +  
Sitl/fi-dl) Sinfe-<*) eos(fW")
* P  f  •In*-  S in ^ p ^ T )
i , n  j .  S in .ftcosfi.tan <b — ILLS ----  . fa~ A?
sin(fo-d)+ ^
' V — si'n^fp-oG
The in d ic a to r  red u c in g  gear u sed  throughout the  
t e s t s  d e sc r ib e d  in  the fo l lo w in g  pages was o f  the  
we e c e n tr ic  and strap*  form as adapted by P ro fe sso r  
Goudie fo r  th e  prime m overs in  th e  James W att Labora­
t o r i e s .
[>.14






The en g in e  i a  u se  was a C r o ss le y  o f  about 9 r a te d  
B*H#P* a t  200 r e v s /m in . governed by a h i t —and-m iss  
m echanism , and h a v in g  a bore o f  7 in s#  and a s tr o k e  o f  
1 5 in s .  I t  had been f i t t e d  o r ig in a l ly  w ith  h o t- tu b e  
i g n i t io n ;  but t h i s  was su persed ed  by b a tte r y  ig n i t io n ,  
o p era ted  by an a d ju s ta b le  c o n ta c t in  th e  cam s h a f t  w orking  
on th e  primary c ir c u it *  I t  was a t  f i r s t  con sid ered  
d e s ir a b le ,  how ever, to  have a s in g le  ig n i t in g  spark  in  each  
c y c le *  For t h i s  rea so n  a magneto was arranged as an 
a l t e r n a t iv e  means o f  ig n it io n *
The com bustion chamber o f  the en g in e  i s  shown in  
s e c t io n  in  F ig* 6  (P#l4) I t  was ro d g h ly  s p h e r ic a l  and 
th e  a p er tu re  1 la y  on th e  a x is*  This apertu re  which was 
V& in  d iam eter was p art o f  th e  o r ig in a l  h o t-tu b e  ig n i t io n  
sy stem , in  which i t  served  a lo n g  w ith  a tim in g  v a lv e  to  
make comm unication between th e  com bustion chamber and the  
h o t-tu b e #  I t  proved o f  g r e a t  u se  in  th e  p r e sen t t e s t s  
in  accommodating a g la s s  window by means o f  which the  
c en tre  o f  the chamber cou ld  be ob served  during th e  
com bustion period# The cover c a s t in g  which f i t t e d  in to  
th e  la r g e  ap ertu re  2 c a rr ie d  both the in d ic a to r  and the  
spark plug# The extended p o le s  o f  th e  l a t t e r  w ere so  
arranged th a t  th e  spark-gap was in  l in e  w ith  the apertu re 1 .
The s p e c ia l  apparatus which had to  be d ev ised  by the  
w r ite r  fo r  th e  f i r s t  t e s t s  in c lu d ed  (a) a spark in d ic a to r  
to  show e x a c t ly  a t  what p o in t in  each  c y c le  the spark took  
p la c e ,  (b) a window in  the c y lin d e r  and an a d ju sta b le  
camera l e n s ,  (c) a photograp hic  box in  which to  have th e  
lum inous p e r io d  p h o to g ra p h ic a lly  reco rd ed , (d) a magneto 
from which to  o b ta in  a s in g le  ig n i t in g  spark per c y c le  and 
( e ) /
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POSITION OF SPARK POINT
EXHAUST VALVE SEATING
CASTING or COMBUSTION 
HEAD 




(e) a spark  p lu g  w ith  ex ten d ed  p o le s*  These w i l l  be 
d e sc r ib e d  in  turn*
(a) Spark I n d ic a to r . R e feren ce  to  th e  work o f  H opkinson  
and David on e x p lo s io n s  in  a c lo s e d  v e s s e l  w i l l  show th a t  
th ey  m easured tim e from the p o in t  a t  w hich the p r e ssu re  
began to  r i s e .  This p o in t i s  fa r  from d e f in i t e  even for  
e x p lo s io n s  in  a v e s s e l  o f  c o n sta n t volum e, and i s  l e s s  so  
in  th e  e n g in e . The on ly  s a t i s f a c t o r y  p o in t  o f  z er o  tim e  
i s  th e  in s t a n t  th e  ig n i t in g  spark  ta k es  p lace*  To o b ta in  
an e x a c t  reco rd  o f  the p o s i t io n  o f  t h i s  p o in t in  the en g in e  
c y c l e , s e v e r a l  methods were t e s t e d  in  w hich  an a u x i l ia r y  
sp ark -gap  in  s e r ie s  w ith  the spark p lu g was f i t t e d .  The 
com p ara tive ly  weak lu m in o s ity  o f  the e l e c t r i c  spark  rendered  
i t  d e s ir a b le  to  have th e  spark c a rr ie d  near the reco rd in g  
s c r e e n . The m ost s a t i s f a c t o r y  arrangem ent fo r  th e  purpose 
o f  th e  t e s t s  which ' w i l l  *be. d e sc r ib ed  was found to  be th a t  
i l l u s t r a t e d  in  F ig s .  8 /3 6  10f The lo n g  e x te n s io n  rod
on the in d ic a to r  red u c in g  gear (se e  Fig^.jj.iu-) was made to p a ss  
through a wooden camera box , and in s id e  th e  box i t  c a r r ie d  
th e  a u x i l ia r y  spark ap p ara tu s. This c o n s is te d  o f  a sm all 
v u lc a n ite  chamber 1 ( F ig .8 ) carry in g  the two b r a ss
sp ark in g  p o in ts  2* This was f i t t e d  to  the end o f  a sh o rt  
tube 3 w hich in  tu rn  c a rr ie d  another s h o r t  t e le s c o p ic  tube 4* 
At the end o f  t h i s  l a t t e r  tube was f i t t e d  a le n s  5 o f  sh o rt  
f o c a l  le n g th . The whole arrangem ent was a ttach ed  to  a 
c a r r ia g e  p ie c e  clamped to th e  rod  6 .  An image o f  th e  spark  
p a ss in g  a t  th e  a u x i l ia r y  gap was thrown on the ground g la s s  
sc r e e n  7 f i t t e d  to th e  end o f  the camera box . The in d ic a to r  
red u c in g  gear was s e t  o u t-o f-p h a se  by th e  d e sired  a n g le .
In  work o f  t h i s  k ind i t  i s  p r o fe sso r  G oudie’s p r a c tic e  
to  have the circu m feren ce o f  th e  f ly -w h e e l  marked o f f  in  
degrees: a g a in s t  an ind ex  and the dead cen tre  p o s it io n s  
c a r e fu l ly  n o te d . This was found to  be a g rea t advantage  
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L E N S  TU B S, w i t h  
CARDBOARD F IT T IN G S
Tor s h u t t in g  o ff  
ucm-it  from  o u t s i d e .
r i n g
SPINDLE TURNED b y  
MILLED HEAD OR by  
HANDLE.
FIG. 12
ARM a c t in g  
AS STOP
OUTER D R U M
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th e  s e t t i n g  o f  th e  apparatus* A s c a le  was made on  
th e  ground g la s s  sc r e e n  o f  th e  camera box In  th e  fo l lo w in g  
way* The e n g in e  was s e t  a t  i t s  in n er  dead cen tr e  and a 
spark was caused  to  p ass a t  th e  gap* A mark was made on 
th e  g la s s  sc r e e n  a g a in s t  the image o f  th e  sp a rk . The f l y ­
w h ee l was turned  in  s u c c e s s io n  to  p o s i t io n s  a t  5° i n t e r v a l s ,  
th e  spark was p a ssed  and a mark made a t  each* In t h i s  way 
a s c a le  o f  crank a n g le s  was formed on the g la s s  screen *
When the e n g in e  was runn ing  the tru e  spark p o in t  cou ld  he 
n o ted  w ith  ea se*  The s c a le  i s  c le a r ly  se en  in  P ig* (0 p*l7 
With b a t te r y  ig n i t io n  a t r a in  o f  s e v e r a l  sparks appeared  
each c y c le ,  when c o n ta c t was made in  the prim ary c ir c u it *
A magneto arranged in  a manner d e sc r ib e d  l a t e r  gave one 
sp a rk , and t h i s  was u sed  in  c e r ta in  o f  th e  p h otograp h ic  
t e s t s •
(b) Window in  c y l in d e r . This i s  shown in  F ig .  f t  p . 2.0 
The window c o n s is te d  o f  a p ie c e  o f  o p t ic a l  g la s s  1 (F ig .l j )  * 
about 1*2 in s*  in  d iam eter and '/{b t h ic k ,  h e ld  in  a s t e e l  
g la n d  2 w hich was bound down to  th e  c y lin d e r  c a s t in g  by two 
stu d s*  W ashers o f  rubber in s e r t io n  were u sed  as packing  
betw een  th e  g la s s  and the gland on one s id e ,  and the g la s s  
and th e  c y lin d e r  on th e  other*  Screwed in to  the g land  was 
a v u lc a n ite  p ie c e  3 as shown, and t h is  in  tu rn  c a r r ie d  a 
b r a ss  tube 4 f i t t e d  w ith  a len s  o f  sh ort f o c a l  len gth *  
Adjustm ent was made by s l id in g  the tube 4 on the v u lc a n ite  
body* A sm a ll ap ertu re  was formed by b or in g  a h o le  in  a 
c y l in d r ic a l  p ie c e  o f  v u lc a n ite  5* I t  was n o t  ex p ected  a t  
f i r s t  th a t  the ig n i t in g  spark in s id e  the en g in e  would be 
s u f f i c i e n t l y  luminous to  make a c le a r  reco rd  on the f i lm s ,  
and, w ith  a view  to  o b ta in in g  t h i s  i f  n e c c e ssa r y , an 
a u x i l ia r y  spark-gap was provided  fo r  by th e  term in a ls 6*
For th e  t e s t s  d e sc r ib e d , t h i s  was n o t  req u ired *  The
a p ertu re  in  th e  c y lin d e r , vfaich was u sed  fo r  the window was
Va h o le  o f  about in .  d iam eter ly in g  on the a x is  o f  th e  
























c y l in d e r ,  The le n g th  o f  th e  h o le  was 2 %  i n .  The m e ta l  
su rroun din g  i t  was kept c o o l  by th e  ja c k e t .  I t  may have  
been b ecau se  o f  t h i s  th a t  th e  window rem ained c le a n  a f t e r  
many h ou rs o f  running and th a t  th e re  was no d e p o s it  o f  
carbon on the g la s s  to  in t e r f e r e  w ith  th e  in t e n s i t y  o f  
th e  p h otograp h ic  r e c o r d .
The b ra ss  tube was a d ju s ta b le  to  a llo w  th e  beam o f  
l i g h t  to  be fo c u ss e d  on th e  r ec o r d in g  f i lm  as i t  moved 
to  and fr o  in s id e  i t s  c y l in d r ic a l  camera b ox .
(c) P hotograp h ic  Drum. The r e c o rd in g  apparatus shown in  
F ig .  II p. 18 and F ig .  14 p . Z\ was made ou t o f  p a r ts  o f  a 
Crosby in d ic a t o r .  The sp in d le  1 was made o f  c o n s id e r a b le  
le n g th  so th a t  an a x ia l  adjustm ent o f  the drum over a range  
o f  about 2 i n s .  was p o s s ib le .  An in te r n a l  drum 2 was f i t t e d  
and so ld e r e d  to  the drum p u l le y .  I t  was s l o t t e d  a t  3 
p a r a l l e l  to  th e  a x is  and a sm all fe a th e r  4 in  the r ec o r d in g  
drum was made to  f i t  th e  s l o t .  The r ec o rd in g  drum was thus  
cap ab le  o f  b e in g  d is p la c e d  a x ia l ly  by tu rn in g  th e  m il le d  head  
5 , w ith o u t in t e r f e r in g  w ith  the o s c i l l a t i o n  tra n sm itted  from 
the r ed u c in g  g e a r . The p h otograp h ic  f i lm  was c a rr ie d  on the  
drum l ik e  an ord in ary  in d ic a to r  ca rd . The w hole was e n c lo se d  
in  a f ix e d  ou ter  drum 6 . This had two a p e r tu r e s , one through  
w hich the in d ic a to r  cord p a ssed , and one as a t  7 through  
w hich the beam o f  l i g h t  from the en g in e was d ir e c te d  on the  
f i lm .  A cardboard r in g  which was a s l id in g  f i t  on the
o u ter  drum acted  as a s h u t t e r .  In p o s it io n  on the en g in e  
the drum was f i t t e d  w ith  i t s  a x is  v e r t i c a l  and the m ille d  
head down. The ord inary tapered  and screwed f i t t i n g  on the  
body o f  th e  in d ic a to r  was used  in  f ix in g  the apparatus to  a 
b ra ck e t on the en g in e . Once a s a t i s f a c t o r y  adjustm ent had  
been  made fo r  fo c u s , e t c .  an arm was r ig id ly  f ix e d  to  the  
c y lin d e r  to  a c t  as a s to p  for  r e g i s t e r in g  th e  apparatus in  
p o s it io n  when i t  was n e c e ssa r y  to  r e p la c e  i t  a f te r  the 
rem oval from th e e n g in e . A fter  some i n i t i a l  adjustm ents
the arrangement worked m ost s a t i s f a c t o r i l y .
( d ) /
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(d) Magneto I g n it io n *  I t  was co n sid er ed  d e s ir a b le  to  
h a v e ,a  s in g le  i g n i t in g  sp ark  per c y c l e ,  cap ab le  o f  b e in g  
advanced or r e ta r d e d  through c o n s id e r a b le  a n g le s .  Another 
d e v ic e  had th e r e fo r e  to  be made from a v a i la b le  apparatus 
to  m eet th e se  r eq u ire m en ts . The en g in e  ra n  a t  l i t t l e  over  
200 r ev s /m in  and a t  t h i s  com p ara tive ly  low speed  the  
arrangem ent shown in  F ig .  12 p.IB and F ig .  15 P * 2 4  proved  
v ery  s a t i s f a c t o r y .  A s p l i t  s le e v e  o f  s t e e l  1 , f i t t e d  to  
th e  cam s h a f t ,  c a r r ie d  sev en  r a d ia l  p in s  2 d is tr ib u te d  angul« 
- a r ly  over 45° , and spaced  a t % in . from each  o th er  a x i a l l y  
a lo n g  the s l e e v e .  A magneto taken  from a 4 -c y l in d e r  p e tr o l  
e n g in e  was f i t t e d  below t h is  on a b r a c k e t, w ith  i t s  d r iv in g  
s p in d le  p a r a l l e l  to  th e  cam s h a f t .  H eld s e c u r e ly  on th e  
m agneto sp in d le  by means o f  a tap ered  b o s s ,  fe a th e r  and 
s e t - s e r e w  was a squared bar 3 c a rr y in g  an arm 4 w h ich , when 
th e  cam s h a f t  r o ta t e d , was c a rr ie d  round through a l im ite d  
a n g le  by one o f  the r a d ia l  p in s and then r e le a s e d .  By the  
a c t io n  o f  a sp r in g  in  t e n s io n  beh in d  and a tta c h e d  to  the  
arm 5 th e  magneto sp in d le  r a p id ly  retu rn ed  u n t i l  t h is  arm 
h i t  a s to p . The r e tu r n  m otion o f  the magneto sp in d le  was 
a r r e s te d  by th e  s to p  j u s t  a f t e r  th e  armature had p assed  a 
p o le .  Thus when the ap p rop ria te  le a d  was a tta ch ed  to  th e  
spark  p lu g a s in g le  spark was the r e s u l t .  The p o in t  a t  
w hich the spark took  p la c e  was a d ju s ta b le  by moving th e  
arm a lo n g  th e  bar so as to  engage w ith  any d e s ir e d  p in .
F in er  adjustm ent was made by moving the ord in ary  le v e r  on 
th e  magneto w hich o p e r a te s  the r in g  carry in g  the s t e e l  sh o e s . 
When p re lim in a ry  d i f f i c u l t i e s  due to  sh o r tin g  a t  the spark­
p lu g  and th e  a u x i l ia r y  gaps were overcom e, the magneto so  
arranged worked very w e l l  w ith in  the w orking l im ita t io n s  
o f  so sim ple a d e v ic e . In t h i s  con n ectio n  i t  must be 
p o in ted  o u t th a t the tim e betw een the in s ta n t  o f  the r e le a s e  
o f  the arm 4 and the in s ta n t  when the spark occurs i s  
p r a c t ic a l ly  c o n s ta n t . I f  the en g in e  speed i s  n o t con stan t  
th e  angular p o s i t io n  o f  the spark i s  th e r e fo r e  v a r ia b le .
V
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A sim ple e x p e d ie n t adopted in  th e  t e s t s  overcame 
t h i s  d i f f i c u l t y .  The en g in e  was so load ed  th a t  a m issed  
c y c le  occu rred  in  n o t  few er than 25 c y c l e s .  The speed  was 
so uniform  th a t  i t  became p o s s ib le  -  ap art from m issed  
c y c le s  -  to  c o n fin e  the v a r ia t io n  o f  th e  sp a rk -p o in t to  
a f r a c t io n  o f  a d egree o f  crank a n g le .  A v a r ia t io n  o f  
h a l f  a degree was e a s i l y  d e te c te d  on the ground g la s s  
sc r e e n  o f  th e  spark in d ic a t o r .
( e) Spark P lu g . A ccess to  th e  in s id e  o f  th e  en g in e  
c y lin d e r  cou ld  be had through th e  f la n g e d  cover on th e  
to p  o f  the c y l in d e r .  The en g in e  in d ic a to r  and the spark  
p lu g  were c a r r ie d  on th e  co v er . The sp ark in g  c ir c u i t  
was a source o f  c o n s id e r a b le  d i f f i c u l t y  b e fo r e  con tin u ou s  
ru n n in g  o f  th e  en g in e  became p o s s ib le .  The m agneto, when 
t r i e d  by h o ld in g  the p lu g  lea d  a t  th e  a p p rop ria te  d is ta n c e  
from a part o f  the e n g in e , was found to  be capab le o f  
g iv in g  a spark  up t o %  i n .  lo n g . Under ru nn ing  c o n d it io n s  
h ow ever, i t  was found n e c e ssa r y  to  have th e  t o t a l  gap- 
le n g th  (adding th e  p lu g  gap and th e  a u x i l ia r y  gaps) l e s s  
than V*> in .  The in s u la t io n  o f  th e  p lug gave c o n s id e r a b le  
tr o u b le  owing p a r t ly  to  the k ind o f  p o s it io n  i t  o ccu p ied  
on th e  e n g in e , and p a r t ly  to  the need fo r  l e t t i n g  th e  p lu g -  
p o in ts  down in to  th e  c en tr e  o f  th e  com bustion sp a ce . The 
rem oval o f sharp  edges from the m eta l p a r ts  o f  the p lu g  and 
th e  u se  o f  m ica in s u la t io n  to g e th er  w ith  th e  d e v ice  o f  
t ig h te n in g  up th e  b in d in g  gland on the p lug from th e  in s id e  
o f  th e  cover -  as shown in  F ig .  16 p.2-5 _ h e lp ed  to  o v e r ­
come the d i f f i c u l t i e s  o f  sh o r tin g  and lea k a g e .
At f i r s t  s ig h t  i t  m ight seem th a t the l i g h t  p o le s  a t  
th e  p lu g would s e t  up p r e - ig n it io n  due to  th e ir  o v e r h e a tin g . 
T his in  p r a c t ic e  d id  n o t  occur ex cep t once or tw ice  a t  
lon g  in t e r v a ls  when the a ir /g a s  r a t io  was p a r t ic u la r ly  sm a ll, 
or when i t  w as so g r ea t as to  s e t  up the prolonged burning  
c h a r a c t e r i s t i c s  o f  weak m ix tu r e s . This freedom  from 








p r e - ig n i t io n  was a g r ee a b ly  s u r p r is in g ,  and shows th a t
th e  f a i r l y  l i g h t  p o le s  o f  th e  spark  p lu gs c o o le d  q u ic k ly
enough to  be a t  q u ite  a sa fe  tem p erature when th e  f r e s h
charge was e n te r in g  th e  c y lin d e r *
In a d d it io n  to  th e  above p ie c e s  o f  ap p ara tu s w hich
w ere s p e c ia l ly  d e v ise d  fo r  th e  p r e se n t  t e s t s ,  two more
may be m entioned a t  t h i s  s t a g e ,  nam ely , th e  exh au st
therm ocouple and th e  a ir  m easuring a p p a ra tu s.
The Exhaust (Thermocouple* The therm ocouple was one o f
P latinum  and Platinum-Rhodium  and was f ix e d  in  th e  ex h a u st
p ipe as near th e  v a lv e  as was p r a c t ic a b le .  The f ix t u r e
was o f  the form shown in  F ig .l7 ,P * 2 7  • The w ir e s  ran
through h o le s  in  the p o r c e la in  rod  1 which was c a r r ie d  in
the b r a ss  h o ld e r  2 .  The s l a t e  d i s c  3 w hich was f i c e d  to
th e  o u ts id e  o f  th e  h o ld er  a c te d  as a sto p  to  the p o r c e la in
in s u la to r *  L iq u id  p la s t e r - o f - P a r i s  was u sed  to  cement
th e  w ir e  in s id e  the h o le s  o f  the in s u la to r  and to cement
th e p o r c e la in  to  the b r a ss  body.
To render th e  cou p le  as s e n s i t i v e  to  tem perature
changes as p o s s ib le ,  i t  was th in n ed  down a t  th e  ju n c t io n
to  a few thou san ds o f  an in c h , f o l lo w in g  th e  p r a c t ic e  o f
(1)
c e r ta in  American ex p e r im en ter s . The r ec o r d in g  in strum ent  
was a p o r ta b le  p o te n tio m e te r . The c a l ib r a t io n  curve u sed  
w ith  th e  in stru m en t was ob ta in ed  p a r t ly  from a c tu a l  
c a l ib r a t io n  and p a r t ly  from f ig u r e s  su p p lied  by the  
Cambridge S c i e n t i f i c  Instrum ent Company.
A ir M easuring A pparatus. This was arranged to  make u se  
o f  th e  method o f  the c a lib r a te d  t h r o t t l e - p l a t e .  Mr. R.O. 
King h as p u b lish ed  a d e s c r ip t io n  o f  a ir  boates and f ig u r e s  
fo r  th e  flow  o f  a ir  through t h r o t t l e - p l a t e s ,  which he
(2)
u sed  fo r  m easuring the a ir  consum ption o f  p e tr o l  e n g in e s .  
F o r /_____________ _________________________________________________
(1) R osecran s and F elb eck : 11A Thermodynamic A n a ly s is  o f
Gas Engine T e s ts11. B u lle t in  150, E n g in eerin g  Experim ent 
S ta t io n ,  U n iv e r s ity  o f  I l l i n o i s .







For slow  sp eed  s in g le  c y lin d e r  e n g in e s  th e  apparatus
r e q u ir e s  m o d if ic a t io n  and the a d a p tio n  arran ged  and
u sed  hy  P r o fe s so r  Goudie c o n s i s t s  o f  two a ir -b o x e s  in
s e r i e s ,  each 2 f t  x  2 f t  x  5 f t .  In the s u c t io n  p ip e
th e r e  i s  a T -co n n ec tio n  to  le a th e r  b e llo w s  ( s e e  F ig#IS
p.2L 7) th e  low er end o f  w hich i s  loaded  by means o f
str o n g  In d ia  rubber th o n g s . The le a th e r  b e llo w s  se r v e
to  red u ce  to  a very  g r e a t  e x te n t  th e  p r e ssu re  f lu c t u a t io n s
in  th e  b ox . The o i l  gauge used  on th e  a ir  b o x es  ( s e e
Fig$.fy20,p .2 3  ) was d e v ise d  fo r  th e  p r e se n t  t e s t s  as an
improvement on th e  gauge d e sc r ib ed  by R .O .K ing from th e
p o in t  o f  view  o f  con ven ien ce  in  r e a d in g . A bore o f  2 mm.«
in  th e  gauge tube such as he u sed  i s  found to  induce a 
c o n s id e r a b le  c a p i l la r y  e f f e c t  in  th e  o i l  column so th a t  • 
th e r e  i s  a la r g e  zero  e r r o r .  The f lu c t u a t io n  in  the  
o rd in a ry  w orking i s  such as to  ren d er  th e  c a p i l l a r i t y  a 
v a r ia b le  q u a n t ity .  The in tr o d u c t io n  o f  a tube o f  £n bore  
e lim in a te d  th e  zero  e r r o r , bu t owing to  the la r g e  
in d ep en d en t f lu c t u a t io n s  o f  th e  o i l  in  th e  tu b e s , i t  was 
found n e c e ssa r y  to  red u ce  th e  bore a t  th e  immersed end  
to  abou t 1 mm. The m otion  o f  the in d e x -p o in ts  was 
c o n tr o l le d  by a rack  and p in io n  and was r ea d a b le  on th e  
s c a l e .  The zero  was rea d  w ith  th e  p o in ts  j u s t  tou ch in g  
th e  o i l  s u r fa c e , w h ile  th e  r ea d in g  o f  the head  o f  o i l  
was made w ith  th e  p o in ts  ly in g  in  th e  same p lan e as th e  
bottom  o f  the m en iscu s.
Method o f  c a lc u la t in g  th e  A ir/G as r a t i o * I f  the id le  
c y c le s  are fr e q u e n t the mean a ir  box r ea d in g  may be taken  
as r e p r e s e n t in g  an average r a te  o f  consum ption co v er in g  
id le  and w orking c y c le s .  Let A f t ?  be th e  average a ir  
consum ption o f  th e  en g in e  per m inute a t  15°C and 760 mm.
a
and l e t  g  f t .  be the gas u sed  per c y c le  red uced  to  th e  
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same tem perature and p r e s s u r e . L et n be th e  number 
o f  w orking c y c le s  per m inute and m th e  number o f  id le  
c y c l e s .  The a ir  u sed  per w orking c y c le  i s ,  say a f t .
The a i r  drawn in  per i d l e  c y c le  i s  ap p rox im ate ly  a+g.
Hence th e  a ir  per m inute i s  na + m(a+g) , 
i . e .  A = (m+n) a + mg or a =
m+n
•I^ he a ir /g a s  r a t i o  = ---  r* -  —
g(m+n) m+n
But m+n = — where R = r e v s /m in .
2
The a ir /g a s  r a t io  — = % ( ~  -g \H g R J
When th e  m issed  c y c le s  are v ery  in fr e q u e n t  the  
r e a d in g  on th e  a ir  b o x , i f  taken  in  th e  in t e r v a l  betw een  
th e  i d l e  c y c l e s ,  r e p r e s e n ts  th e  r a t e  o f  a ir  f lo w  when
ev ery  c y c le  i s  a w orking c y c l e .  Hence th e  a i r /g a s
a 2A 
r a t i o  -  =
E n gin e in d ic a t o r . The in d ic a to r  u sed  was o f  th e  Maihak 
typ e  and was t e s t e d  c o n t in u a lly  fo r  f r i c t i o n  and s la c k n e ss  
a t  th e  p in s .  I t  proved v ery  s a t i s f a c t o r y  f o r  u s e  In  
th e se  t e s t s .
SECTION I I I .
P h otograp h ic  R ecords o f  E x p lo s io n s .
R e fer en ce  to  F i g . 2.1 p . 33 w i l l  show th e  k in d  o f  reco rd  
o b ta in ed  |)ho to  g r a p h ic a lly  under th e  b e s t  c o n d it io n s  and i t s  
r e la t io n s h ip  to  th e  d is p la c e d  in d ic a to r  d iagram .
The sh o r t  dash o f  l i g h t  i s  t y p ic a l  o f  the magneto 
sp a rk . There i s  a c o n s id e r a b le  in t e r v a l  betw een th e  p a s s in g  
o f  th e  spark and th e  b u r s t  o f  in ca n d escen ce  w hich  f o l lo w s .
I t  la  w e l l  known th a t  th e re  i s  no a p p r e c ia b le  r i s e  in  
p re ssu re  due to  com bustion fo r  some tim e a f t e r  i g n i t io n  
ta k e s  p la c e .  T h is i s  w e l l  i l l u s t r a t e d  by th e  in d ic a to r  
diagram . But th e r e  i s  s im i la r ly  a pause b e fo r e  the lum in­
o s i t y  o f  th e  bu rn in g  p er io d  becomes n o t i c e a b le .  As th e  
p o in t  o f  maximum p r e ssu re  i s  approached, th e  in ca n d escen ce  o f  
th e  g a se s  becomes in te n s e  and th e  in s ta n t  o f  maximum in t e n s i t y  
o f  in ca n d escen ce  seem s to  f a l l  c lo s e  to  th a t  o f  maximum 
p r e s s u r e . In th e  exam ple fu r n ish e d  by F ig #2.1 , th e  spark 
took  p la c e  a t  13° b e fo r e  dead c e n tr e , b u t th e  maximum 
p ressu re  and the maximum i n t e n s i t y  o f  lu m in o s ity  occur  
c o n s id e r a b ly  a f t e r  th e  dead c e n tr e  h as been  p a s se d .
T his r e c o r d  o f  th e  n a tu re  o f  th e  r e la t io n s h ip  betw een  
th e  p r e ssu r e  and.volum e and the lu m in o s ity  o f  th e  e x p lo s iv e  
charge in  a gas e n g in e  i s  new , and i t s  v a lu e  l i e s  n o t  so 
much in  w hat i t  p roves as in  th e  problem s w hich i t  h e lp s  to  
em p h asise .
I f  lu m in o s ity  were regard ed  as e v id e n c e  o f  Mb u m in g w 
then  the p ro cess  o f  burn ing w ould seem to  p e r s i s t  fo r  a 
c o n s id e r a b le  p art o f  th e  exp an sion  s t r o k e .  I t  i s  c o n s id er ed  
th a t  i t  can be s a t i s f a c t o r i l y  dem onstrated  .a lo n g  th e  l in e s  
o f  exp erim en ts to  be d e sc r ib e d  la t e r  th a t  th e  lum inous 
c o n d it io n /
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c o n d it io n  i s  independent o f  the p r e s e n c e  o f  any 
sim u ltan eou s chem ical a c t i v i t y  such as i s  im p lied  in  the  
term wburning” •
The tim e o f  a t ta in in g  any p a r t ic u la r  in t e n s i t y  o f  
lu m in o s ity , or the maximum p r e ssu r e , a f te r  the p a ss in g  o f  
the spark may he exp ected  to  vary w ith  such fa c to r s  as the  
q u a l ity  o f  the com bustib le m ixture and i t s  d e n s ity  a t  th e  
in s ta n t  the spark: tak es p lace#  I t  m ight be co n sid ered , 
therefore^  th a t  the v a r ia t io n  o f  th e  ja ck e t tem perature and 
o f  the angle  o f  advance o f  the spark  would y i e l d  in t e r e s t in g  
in form ation  about the c o n d it io n s  govern ing combustion speed# 
S p e c i f ic  t e s t s  o f  t h is  k ind  were made#
E f f e c t s  o f  v a r ia t io n  in  s tr en g th  and kind o f  spark .
B efore th e se  t e s t s  are d e sc r ib ed  a word w i l l  be s a id  
about the spark ig n i t io n .  The str en g th  o f  the sp ark , pro­
v id ed  i t  i s  s u f f i c i e n t  to  f i r e  the m ix tu re , seems to  have no
a p p rec ia b le  e f f e c t  on the speed o f  in flam m ation . A few
( 1)
t e s t s  have been made by Bone, F raser  and W itt on m ixtures  
o f  CH^  and Og, w ith  sparks o f  d i f f e r e n t  in t e n s i t y ;  but no 
a l t e r a t io n  In the speed o f  com bustion cou ld  be ob served .
The apparatus which has h e r e in  been d e scr ib ed  provided a 
means o f  t e s t in g  th is  p o in t as a p p lie d  to  the gas e n g in e .
Under a b s o lu te ly  con stan t running co n d itio n s  the ig n i t io n  
system  was a l t e r n a te ly  sw itched  to  the magneto and to  the c o i l .  
In d ica to r  diagrams were taken and sim u lta n eo u sly  an exposure  
was made on the photographic f i lm  fo r  each chamge in  the  
i g n i t io n .  The record s o f  combustion and the indicator diagrams 
were found to  be the same w ith  both types o f  spark.
The magneto spark has a v a r ia b le  in t e n s i t y  depending on 
the p o s it io n  o f  the ord inary a d ju st in g  r in g  which c a r r ie s  the 
s t e e l  sh o e s . The b a tte r y  and c o i l  arrangement i s  operated
fey/
(1) "Flame and com bustion", Bone and Townend p .156 e t  se q .
by a c o n ta c t  stu d  c a rr ied  on a v u lc a n ite  cam by the cam­
sh a ft*  As the s tu d  p a sses  under a b r u sh ,c o n ta c t  takes  
p la ce  in  the prim ary c i r c u i t .  S e v e r a l d isch a rg e s  take  
p la ce  during the tim e o f  c o n ta c t .  These can be traced  
in  F ig s  .22  and 3 2  j  J>|p. 33
In F i g .£2 i f  the p o s i t io n  o f  th e  f i r s t  d isch arge  
o f  the b a tte r y  and the b eg in n in g  o f  the correspond ing  
Juminous p er iod  be compared w ith  the magneto spark and 
i t s  consequent l in e  o f  lu m in o s ity , i t  w i l l  be c le a r  th a t  
com bustion i s  s e t  up by the f i r s t  b a tte r y  d isc h a r g e .
Time in te r v a ls  measured on the reco rd  o f  lu m in o s ity  or 
on th e  in d ic a to r  diagram from the f i r s t  b a tte r y  d isch arge  
are the same fo r  the same working c o n d itio n s  as th ose  
measured from the s in g le  magneto sp ark .
Each sep a ra te  d isch arge  e ith e r  from the b a tte r y  or 
the m agneto, how ever, i s  i t s e l f  composed o f  a tr a in  o f
d )
sparks tak in g  p la ce  in  r a p id  s u c c e s s io n . With a low
c a p a c ity  in  the secondary o f  a c o i l  or magneto the
number o f  sparks per d isch arge  i s  la r g e , and w ith  s p e c ia l ly
low secondary c a p a c ity  the d isch arge  c o n s is t s  o f  a
" p relim inary  spark fo llo w e d  by a continuous but p u lsa t in g
. ( 2 )and d ecayin g  a r c . C arefu l exam ination o f  the
photograph F i g .22. w i l l  i l l u s t r a t e  the n atu re  o f  a spark  
w ith  low secondary C ap acity . The magneto d isch arge  
appears as a p o in t o f  l ig h t  m erging in to  a sh ort dash o f  
l i g h t  o f  d ecreasin g  in t e n s i t y .  A comparison o f  the  
photograph o f  the e x p lo s io n  s e t  up by the magneto spark  
w ith  th a t o f  the e x p lo s io n  s e t  up by the more concen trated  
f i r s t / ________________________________________________  •
(1) T aylor-Jones "Theory o f  the Induction  C o il” .
( 2 ) Taylor Jones MSpark I g n it io n ” P h i l .  Mag. Dec. 1928.
f i r s t  d isch a rg e  o f  the c o i l  ten d s to  show th a t  the
i n i t i a l  spark o f  th e  magnoto d isch a rg e  i s  th e  ig n i t in g
a g e n t . This corrob ora tes th e  statem en t o f  P a tterso n
( 1)
and Cam pbell, th a t  i g n i t io n  depends on th e  energy o f  
th e  f i r s t  o s c i l l a t i o n  o f  a d isch a rg e  and n o t  on the  
t o t a l  energy o f  the w hole d isch arge*
F i g .ZZ. was o b ta in ed  from th e  e x p lo s io n  o f  a r ic h  
m ixture w ith  th e  u se o f  a very  s e n s i t iv e  f i lm ,  an 
a p ertu re  o f  about H z in . And w ith  e ig h t  superim posed  
e x p lo s io n s . The h a la t io n  on the com bustion l in e s  
i l l u s t r a t e s  th e  v a r ia t io n  in  in t e n s i t y  o f  th e  l i g h t .
The photographic reco rd s o f  th e  lum inous p eriod  made 
in  the e a r l ie r  t e s t s  (A, B and C) were taken on a 
com p aratively  slow  f ilm  (about 300 H and D) and have 
th e r e fo r e  a d i f f e r e n t  appearance from the la t e r  reco rd s  
(as in  F ig  S. 22,32. eft.) taken under improved photographic
c o n d it io n s .
O b serv a tio n s.
As a r u le  the req u ired  o b ser v a tio n s  c o n s is te d  o f  
gas-m eter  r e a d in g s , r e v o lu t io n s ,  e x p lo s io n s , spark  
a n g le , ja c k e t tem perature and a ir -b o x  r e a d in g s . The 
w r ite r  had the a s s is ta n c e  o f  one oth er  ob server  and th e  
rea d in g s were planned in  the fo llo w in g  way. One observer  
took  th e  m eter r ea d in g . A fter  t h ir t y  s e c s ,  he took  
th e  spark angle  read in g  and t h ir t y  s e c s ,  la t e r  he noted  
the a ir -b o x  r e a d in g . In the same sequence the other  
ob server  was meanwhile read in g  the r e v o lu t io n  cou n ter , 
the e x p lo s io n  counter and th e  jack et tem perature. The 
com bustion reco rd s and in d ic a to r  diagrams were then taken  
o f f ,  and, a f t e r  a chosen in te r v a l  o f  tim e the sequence o f
t e s t /  ________________________________________________________
(1) P ro c .P h y s.S o c . 1919. p . 177.
(2) See j^age 37 e t se£^ .
>^7
t e s t  r ea d in g s  was r e p e a te d . When th e  engine was 
runn ing  s t e a d i ly  under lo a d  i t  was found th a t  th e  
w hole o f  the r ea d in g s  fo r  a t e s t  cou ld  be made in  6 
m inutes w ith  rem arkable c o n s is te n c y  as between the  
r ea d in g s  fo r  t e s t s  made under the same c o n d it io n s .
Gare was tak en , how ever, to  have th e  engine running fo r  
a c o n sid er a b le  tim e under stead y  c o n d it io n s  b e fo re  the  
o b se r v a tio n s  w ere commenced.
Hie reco rd  o f  the lum inous p e r io d  was made by 
ex p o sin g  the moving f ilm  in  each t e s t  fo r  a chosen  
number o f  e x p lo s io n s , g e n e r a lly  s i x .  Hie f i lm  u sed  a t  
f i r s t  was ord inary  Kodak sp oo l f i lm  w ith  a sp eed , i t  i s  
su pposed , o f  about 300 H and D. L ater i t  was thought 
n e c e ssa r y  to  g e t  a sp eed ier  f ilm  fo r  c e r ta in  t e s t s ,  and 
Im p eria l s p e c ia l  cut f i lm  was then u sed  havin g  a speed 
o f  about 600 H and D. Measurements o f  the luminous 
p eriod  e t c .  were made d ir e c t ly  on th e  n e g a t iv e .
In the e a r l ie r  t e s t s  i t  was found th a t owing to  
the com p aratively  slow f i lm  u sed , the c o n d itio n s  had 
to  be chosen w hich caused the lu m in o sity  to be as 
pronounced as p o s s ib le .  Hie r ic h  m ixture which was 
u sed  caused the e x p lo s io n s  to  be very v igorou s and t h i s  
le d  to  much v ib r a t io n  on the p ressu re record  ob ta in ed  
from th e in d ic a to r .
Combustion T e s ts .
Hie f i r s t  t e s t s  were planned in  th e  fo llo w in g  order:
A. Varying Jacket Temper a tu rd .
B. Varying Air/G as R atio
C. Varying Spark Angle .
Hie r e s u l t s  ob ta in ed  from A and B were c h ie f ly  
o f  a n e g a tiv e  nature and s h a l l  on ly  req u ire  to be 
d e a l t /
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d e a lt  w ith  b r i e f l y .  But C proved to  be o f  very  g r ea t  
in t e r e s t  and, i t  i s  b e l ie v e d ,  o f  im portance in  
a ffo r d in g  grounds fo r  d is c u s s io n  r e l a t i v e  to  h e a t  lo s s e s  
and ” a f  te r -b u r n in g ” .
Combustion T e s ts . S e r ie s  A. Varying J ack et  
Tem perature.
In th ese  t e s t s  the sp eed , m ixture s tr e n g th , p o in t  
o f  ig n i t io n  and g e n e ra l running c o n d it io n s  were kept 
throughout as n e a r ly  co n sta n t as p o s s ib le ,  e x c e p tin g  
the ja c k e t  tem perature which was v a r ie d  from t e s t  to  
t e s t .  The s e r i e s  c o n s is te d  o f  f i v e  t e s t s  w ith  ja ck et  
tem peratures v a ry in g  from 6 8 .5 °F  to  1 4 5 .7°P . The 
in can d escen t p er io d  showed no s e n s ib le  e f f e c t  due to  
d if fe r e n c e  in  jacke.t tem p erature. The photograph P ig  
in d ic a te s  th e  nature o f  the reco rd s o f  the luminous 
p e r io d  fo r  t h i s  t e s t .  In ta b le  I I  are to  be found the  
o b se r v a tio n s  and v a lu e s  o f  the a ir /g a s  r a t i o .  This 
q u a n tity  in crea sed  from t e s t  A1 to  t e s t  A5 by about 1 .7 $  
and t h is  may account fo r  the s l i g h t l y  in crea sed  in te r v a l  
between the spark and the commencement o f  in can d escen ce.
Table II
T est
A ir /  
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a t  15°C 
& 760mm
A f t 4
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2 4 .2 8
2 3 .9 9
2 4 .0 6
2 3 .8 5
2 3 .7 5
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0 .0392
2 0 4 .4
2 0 2 .4  
203 .2  

















- 1 0 i
-11
- 1 0 i
- i o i
-10
0 .277
0 .2 7 7
0 .276
0 .274














-------------------r—>—i—'—|—i—j—*—i—=—l 1 i 1 I 1 i---------
~30 -20 - l o  O lo 20 3o 40 
SCALE. OF CRANK ANGLJES DEGREE5
FIG. 23
:> 73 loo I2.S 150
JACKET TEM PERATURE °f.
5 0
FIG. 2 4
SE R IE S A
SPR IN G  2 4 0
“*"* 1 1 I 1 I 1 1 ■ | ' I ■ | ■ i ■ > ■ I ' r-T  —M I 1 t * I ■ I 1 1 1 | 1 1 r l-’-rri-.-r—
-40 -b o  -zo - lo  o  lo zo  bo 40 So fco DEGREES 50 ~+0^ ^  °  “» 20 30 40 So <oO
SCALE. OF CRANK ANGLES FOR UPPER OoONDAR^ DIAGRAMS
FIG. 2 5
AO
The e f f e c t  o f  in c r e a se d  ja c k e t  tem perature on the  
v o lu m e tr ic  e f f i c i e n c y  (r e fe r r e d  to  15°C and 760mm.) i s  
shown in  the l a s t  column o f  Table I I .  These f ig u r e s  
y i e l d  the curve Fig.24,)>39 The t o t a l  e f f e c t  o f  the change 
in  ja c k e t  tem perature from 68 to  145*7°F upon the  
v o lu m etr ic  e f f i c i e n c y  , i t  i s  in t e r e s t in g  to n o te , i s  
o n ly  about
In making the exposures fo r  the photographic r ec o rd , 
care  was taken to  in c lu d e  n e ith e r  an id le  c y c le  nor the  
w orking c y c le  Im m ediately fo llo w in g  an id le  cycle*  The 
working c y c le  fo llo w in g  im m ediately upon an id le  c y c le  
h as a l e s s  luminous e x p lo s io n  than the norm al.
T y p ica l in d ic a to r  cards s e le c t e d  from t e s t s  A1 and A5 
are g iv en  in  F ig .£ 5 3Ji39 I t  w i l l  be seen  th a t  they are very  
much a l ik e .
Combustion T e s ts . S e r ie s  B. . Varying M ixture 
S tr en g th .
With the ordinary f ilm s  u sed  in  th eee  combustion  
t e s t s  the exploded charge does n o t become s u f f i c i e n t ly  
luminous to  y ie ld  a s a t i s f a c t o r y  photographic record  
u n le s s  the m ixture i s  a f a i r l y  r ic h  on e . The range o f  
v a r ia t io n  o f  m ixture stren g th  s u ita b le  fo r  the p resen t  
purpose i s  th e re fo re  very r e s t r i c t e d .  N e v e r th e le s s , as 
the photograph Fig.2!f,[dlshows, the in t e n s i ty  and d u ration  o f  
the lu m in o s ity  both in crea se  (as might be expected) w ith  
d ecrease  in  the a ir /g a s  r a t i o .  Another n o t ic e a b le  e f f e c t  
i s  the sh o rten in g  o f  the gap between the spark and the
4*
b eg in n in g  o f  the l in e  as the m ixture s tr en g th  in c r e a s e s .
The in d ic a to r  diagrams Fig.26,j>.4i are uppi w mini w ire cop ies  
o f  those ob ta in ed  in  th is  t e s t .  The o r ig in a l  diagrams 
feeN vev  e x h ib it  very marked v ib a t io n  a t  the p e n c il  in  the 
e x p lo s io n  s ta g e .  This v ib r a t io n  becomes the more v io le n t  -
i n /
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In keep ing  w ith  common ex p e r ien ce  -  as th e  m ixture  
s tr e n g th  in c r e a se s*  But a c lo s e  exam in ation  o f  the  
diagrams y ie ld s  the fo llo w in g  r e s u lt s *  The maximum 
p ressu res  in  cases 3 , 4 , 5 ,  and 6 are p r a c t ic a l ly  the  
sam e. (The maximum p ressu re  i s  o b ta in ed  approxim ately  
by s t r ik in g  a mean l in e  through the v ib r a t io n  waves in  
the diagram u n t i l  i t  m eets the l in e  o f  r i s in g  p ressu re) • 
Choosing a a r b itr a r y  o rd in a te  -  in  th is  case  a t  0»25 in f 
from the end o f  the diagram -  and m easuring the p ressu re  
on the expam sion l in e  i t  i s  found th a t  very  n e a r ly  the  
same v a lu e  isl o b ta in ed  in  the ca ses 3 , 4 , 5 , and 6 . The 
com p osition s o f  the post-com b ustion  m ixtu res in  th ese  
th ree  c a se s  are p r a c t ic a l ly  the same and th e r e fo r e  th e ir  
in te r n a l  e n e rg ie s  a t  *25 in* from the end o f  the diagram  
are p r a c t ic a l ly  the same* The spark p o in t i s  the same 
in  a l l  c a se s  and the four diagrams are very s im ila r  in  
sh ap e. Hence the work done by the charge between the  
ig n i t io n  p o in t and the chosen o rd in a te  i s  very n ea r ly  the  
same in  a l l  c a s e s . Now the h e a t generated  in  burning  
the r ic h e r  m ixture i s  grea ter  than th a t generated  in  
burning th e  weaker* Where does the e x tr a  h ea t go? The 
longer in can d escen t p er iod  in d ic a te s  a longer p er io d  o f  
in te n se  r a d ia t io n  and o f  h igh  tem perature. As shown la t e r  
i t  i s  probable th a t  the e x tr a  h ea t i s  la r g e ly  r a d ia ted  
away. This p o in t w i l l  be d iscu ssed  more f u l l y  in  a la te r  
s e c t io n  o f  th is  r e p o r t . The maximum p ressu res and the  
p ressu res a t 0*25 in .  from the end o f  the diagram are 
g iven  in  Table IV fo r  the s e r ie s  B, w h ile  Table I I I  
in c lu d es  the record  o f  the t e s t  o b s e r v a tio n s .
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■ B l. 2 5 .2 5 0 .0 3 8 0 2 0 8 .4 5 .0 6 .3 4 1 0 3 .5 -9
B2 • 2 4 .6 5 0 .0 3 9 1 2 0 8 .0 1 .8 6 .0 4 1 0 5 .2 -9
S3 . 2 4 .5 5 0 .0 4 0 7 2 0 9 .2 5 .4 5 .9 0 104 .0 -9
B4* 2 4 .5 0 0 .0418 2 1 0 .0 5 .0 5 .5 4 1 0 4 .2 -9
B5. 2 4 .1 0 0 .0 4 2 4 2 0 8 .0 3 .2 5 .4 4 105 .2 -9







P ressure  
a t 0 .25"  
from end 
o f  diagram
B l. 348 147
B2. 362 150
B3 • 379 152
B4. 379 152
B5 • 382 152
B6. 379 152
tfK''
Ctombustitelre-Tests. S e r ie s  C. Varying Spark P o in t .
These t e s t s  y ie ld e d  w e ll  d e fin ed  r e s u l t s .  The spark p o in t  
was v a r ie d  from an an g le  o f  29° b e fo r e , to ah angle o f  1° a f te r  
th e  inner dead cen tre p o s it io n  o f  the crank. A ll the other  
running c o n d it io n s  were kept n ea r ly  c o n sta n t.
• In a l l ,  f i v e  t e s t s  were made. The photographic record s  
c o n s is te d  o f  th ree  exposu res fo r  a t e s t ,  each exposure la s t in g  
fo r  s i x  engine c y c le s .  C ertain measurements were made on the  
n e g a t iv e ,  but to  in d ic a te  the nature o f  the record  the photograph 
Pig^Stj».44is g iv e n . Table V co n ta in s  the o b serv a tio n s and 
r e s u l t s  o f  th e  t e s t s .  In Fig.^,)>Mare given  the in d ic a to r  cards 
in  the d isp la c e d  form. As in  S e r ie s  B the o r ig in a l cards 
e x h ib it e d /
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e x h ib ite d  very v io le n t  v ib r a t io n  a t  the p e n c i l ,  because o f  
the r a th e r  r ic h  m ixture used  fo r  the sake o f  g e tt in g  lum in­
o s i t y .  But the approximate maximum p ressu re  was measured in  
each ca se  by s t r ik in g  a mean curve through the v ib r a t io n  
w aves. The p o in t in  which t h is  curve cu ts the r is in g  
p ressu re  curve was regarded as the p o in t o f maximum p r e ssu r e . 
V alues thus o b ta in ed , togeth er  w ith  v a lu es  fo r  the p ressu res  
a t  0 .2 5  in .  from the end o f  the diagram are g iv en  in  Table VI. 
In ca ses  1 ,2  and 3 the maximum p r e ssu r e s , i t  w i l l  be n o t ic e d ,  
are p r a c t ic a l ly  eq u a l. The p ressu res a t  the a r b itra r y  
o r d in a te , however, s te a d ily  in crease  from the case Cl in  
which the angle o f  advance o f  the spark i s  29®, to  the case  
C5 in  which the spark angle i s  + 1 ° . The chosen ord in ate  








a t 0.25"  
from end 
o f  diagram 
lb / in
C l. 374 143
C2. 370 146
03 . 373 154
C4. 351 156
C5. 322 161
R e fe r r in g /
R e fer r in g  to  the r ec o rd  o f  th e  com bustion Fig2fc,p*the 
f i r s t  th in g  to  n o te  i s  th a t  the tim e la g  between the spark  
and th e  b eg in n in g  o f  the photographic l in e  has a sm all 
range o f  v a r ia t io n *  By choosing a p o in t o f  a c e r ta in  
I n te n s i ty  a t the b eg inn in g  o f  each l in e  and n o tin g  the  
an g le  between the spark and th is  p o in t ,  we g e t  what we 
m ight c a l l  an an gle  o f  ig n i t io n  la g .  (The v a lu es  o f  
t h i s  an g le  were found to  vary in  an app arently  ir r e g u la r  
manner between 1 6 j°  and 194° • Perhaps the ex p la n a tio n  for  
t h is  i s  to  be found on a c lo s e r  exam ination o f  the r e s u l t s . )  
S im ila r ly  a p o in t o f  eq ual in t e n s i ty  chosen a t  the end 
o f  the l in e  givws us a means o f  g e t t in g  a r e la t iv e  f ig u r e  
for  the p e r s is te n c e  o f  the lu m in osity*  The angle  during  
which lu m in osity  p e r s is t s  v a r ie s  r e g u la r ly  w ith  the  
p o s it io n  o f  the spark p o in t . The curve on Fig30,]?.52shows 
how, as the spark p o in t i s  advanced, the t o t a l  crank an g le  
(or t o t a l  time) during which a c t in ic  l ig h t  p e r s is t s  
becomes greater*  The v a lu e s  o f  the angle as measured 
are g iv en  in  Table VII*
In th is  ta b le  are a ls o  to  be found v a lu es  for  the  
p ressu re  P, the volume V and the product o f  PV corresponding  
to  th e  p o in t on the expansion l in e  a t which the  
lu m in escen ce , as recorded  by the camera, d isa p p ea rs .
R e su lts  o f  S e r ie s  C and th e jr  probable s ig n if ic a n c e .
 V a r ia tio n  o f  Combustion Speed "with D en sity*
R eference to  the diagrams in  Fig^,j>.^throws l ig h t  on 
th e  apparently  irreg u la r  nature o f  the v a r ia t io n  in  the  
an g le  o f  ig n it io n  la g  g iven  in  Table VII* In cases Cl 
and C2 the maximum pressure occurs before the dead cen tre  
i s  reach ed . In C3 and C4, however, the dead centre f a l l s  
w ith in  the inflam m ation p eriod . In C5 the whole 
inflam m ation period  l i e s  in  the forward s tr o k e . I t  th e re ­
fo r e  seems th a t  the average d en s ity  o f  the charge during
e x p lo s io n /
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e x p lo s io n  e f f e c t s  the e x p lo s iv e  speed* The g rea ter  
th e  d e n s ity  the l e s s  the time la g .  The v a r ia t io n  in  
th e  average d e n s ity  during e x p lo s io n  fo r  th e  whole  
s e r i e s  o f  t e s t s  i s  on ly  a m atter o f  10 per cent*
A fu r th er  p o in t a r is e s  from the f a c t  th a t  w h ile  the  
average volume o f  the charge during e x p lo s io n  in  t e s t  Cl 
i s  about 0*103 f t 3 , the average volume in  C5 i s  about 
0*95 f t 3 and y e t  the l a t t e r  shows th e  lo n g e s t  ig n it io n  
la g  o f  the s e r i e s .  I t  seems th e r e fo r e  th a t the speed  
o f  e x p lo s io n  in  Cl i s  h ig h er  because the d e n s ity  i s  
in c r e a s in g  as the e x p lo s io n  p ro ceed s, w h ile  in  C5 the  
d e n s ity  i s  r a p id ly  d ecrea sin g  w h ile  the e x p lo s io n  p ro ceed s. 
H igher speed o f  e x p lo s io n  no doubt r e s u l t s  from h igh er  
d e n s ity  towards the end o f  the e x p lo s io n  p e r io d .
V aria tion  o f  Temperature a t end o f  luminous Period*
In Table VII the column o f  v a lu e s  o f  PV app lying to  
the p o in t where the a c t in ic  l ig h t  c e a s e s , i s  included  fo r  
the fo llo w in g  r ea so n . Towards the end o f  the luminous 
p er iod  i t  may be assumed th a t the charge i s  approxim ating  
to  a co n d itio n  o f  therm al e q u ilib r iu m . I t  i s  rea so n a b le , 
th e r e fo r e , to  t e s t  the tem perature a t th is  p o in t by means 
o f  the c h a r a c te r is t ic  law PV= WRT or T = K X PV where k *
i s  a c o n sta n t.
The read in g  o f  the p o in ts  on the diagrams which 
rep r e se n t equal in t e n s i t i e s  o f  lu m in osity  can only be a 
rou gh ly  approximate p r o c e ss . The r e s u lt s  ob ta in ed , 
th e r e fo r e , for  PV as ta b u la ted  in  Table VII do not prove 
th a t  the in t e n s i ty  o f  lu m in osity  i s  not a fu n ctio n  o f  
tem perature o n ly . The va lues o f  pressure contained in  
Table VI r e fe r r in g  to the a rb itra ry  ord in ate  show c le a r ly  
th a t  the expansion l in e s  o f  the diagrams taken w ith  an 
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spark -  over the whole ran ge .
A photographic t e s t  made a t  a la t e r  d ate  to  v e r i f y  
the co n c lu s io n s  come to  in  con n ectio n  w ith  S e r ie s  C. i s  
i l l u s t r a t e d  by F ig .3 2 .?p . 4-^ . With co n sta n t a ir -g a s  
r a t io  a s e r ie s  o f  exposures was made a t v a r io u s a n g le s  
o f  advance o f  the sp ark , a s p e c ia l ly  r a p id  f i lm  b e in g  
u se d . . The longer in can d escen t period  due to  
advancing the spark i s  very  c le a r ly  i l l u s t r a t e d ,  and the  
c e s s a t io n  o f  the incandescence i s  seen  to  take p lace  
e a r l ie r  3h the expansion  stro k e  as the spark i s  advanced. 
The a c tu a l in d ic a to r  diagrams corresponding to  the t e s t s  
are g iv e n .
Exhaust Temperature and V ariab le  Spark Polnt-r
A d ecrease  in  the in te r n a l energy o f  the gaseous 
products a f te r  the prolonged incan d escen t p er iod  exp erien ced  
w ith  e a r ly  ig n i t io n ,  i s  in d ic a ted  by a few tem perature 
measurements a t  ex h a u st, made w ith  d if f e r e n t  p o in ts o f  
i g n i t io n .  The c lea r  r e s u lt ,  ob ta in ed  was th a t the  
tem perature o f  exhaust f a l l s  s t e a d i ly  w ith  the advancement 
o f  the spark -  and th is  in  s p it e  o f  the sm a ller  q u a n tity  
o f  work ob ta in ed  from the charge. The f ig u r e s  in  Table 
V III and the curve in  Fig3i,jj.S2demonstrate the nature o f  
the v a r ia t io n . This in d ic a te s  th a t ea r ly  ig n it io n  
g iv e s  r i s e  to  (a) a h o tte r  ja c k e t , and (b) a coo ler  exh au st.
The exhaust tem peratures were measured by the  
therm ocouple o f  Platinum  and Platinum-Rhodium f ix e d  in  
the exhaust pipe as near the va lve  as was p r a c tic a b le .
(se e  p . 2 8  ) The read in gs were made on a p ortab le  
p o ten tio m eter . When the engine was running s t e a d i ly  w ith  
very few m issed  c y c le s ,  con tact was made con tin u ou sly  by 
hand in  the galvanom eter c ir c u it  o f  the potentiom eter  
w h ile  adjustm ent was made. ^he potentiom eter read ing  









- 3 l i 535
- 2 l f 546
-1 2 * 559
-  4 568
+ 3 575
Table IX.




A & B 4 .1 0 .3
\
6 .3 1 8 .4 4 9 .2 1 9 .7 2 .0





CRAlNK ANOt-E. AT tCNtTtOrt. D £ .e R e £ 5 .




C R A fSK  AI>*C>U3L A T  IO tH tTtO h<. D& ORE1EA
55
in c r e a se d  s t e a d i ly  u n t i l  a maximum was reached# This 
maximum was n o ted  as the read in g  fo r  the normal exhaust 
tem perature# D iffe r e n c e  between the r e l a t iv e  f ig u r e s  
o b ta in ed  are read ab le  to  w ith in  1 degree w h ile  the  
accu racy  o f  th e  a b so lu te  tem perature va lu e  i s  reckoned  
to  be w ith in  10 degrees# The magnitude o f  the e f f e c t  
o f  th e  m eta l sdr fa c e s  in  c lo s e  proxim ity  to  the thermo­
cou p le  i s ,  how ever, unknown#
Q u a lity  o f  Gas# The com p ositions o f  the gas used in  the  
t e s t s  A. B. and C. are to  be found in  Table IX# These 
w ere su p p lie d  by Mr# M d u s k y , manager o f  the Gas 
Department o f  Glasgow Corporation#
5 4
D isc u ss io n  o f  T ests  A, B and C.
3Tt h as been g en era l among th ose  who have stu d ied  
the com bustion p ro cess  by o p t ic a l  or v i s u a l  means to  
regard  th e  lu m in o s ity  as a s ig n  o f  the chem ical a c t i v i t y  
which i s  im p lied  in  the term llb u m in gw. Thus Bone, fo r  
exam ple, speaks o f  the ”f i n a l  p er iod  o f  in te n se  lu m in o s ity
P. . . .  during which presumably the main combustion occurred  .
E l l i s  and W heeler, to o , in  d e sc r ib in g  some photographs o f
(2)
e x p lo s io n s  in  a g la s s  sphere which showed th a t  the core  
o f  the gaseous charge e x h ib it s  a r e v iv a l  o f  lum inescence  
as the burning p rocess goes on, s t a t e  th a t t h i s  phenomenon 
” i s  due to  the com pletion  o f  com bustion, under in creased  
p r e ssu re , o f  m o lecu les  o f com bustib le gas th a t escaped b e in g  
burnt w h i ls t  the flam e was t r a v e l l in g 11, and they conclude 
th a t t h i s  means th a t  ”a fte r -b u r n in g ” tak es p la c e .
The w r ite r  i s  o f  op in ion  th a t th ere  i s  no evid en ce to  
show th a t  the luminous co n d itio n  i s  more than a tem perature  
e f f e c t  which may p e r s is t  a f t e r  the chem ical a c t iv i t y ,  which  
g iv e s  r i s e  to  i t  has su b sid ed . I t  i s  paten t th at chem ical 
a c t iv i t y  must e x i s t  during the period  o f  very  weak lumin­
o s i t y  which l i e s  ju s t  a f te r  the p a ssin g  o f  the spark and 
during which the g rea ter  part o f  the r i s e  in  pressu re takes  
p la c e . Y et i t  i s  on ly  when the tem perature becomes very  
h igh  th a t  the combustion i s  accompanied by the r a d ia t io n  o f  
l i g h t  to  a marked e x te n t .
I f /  _________________________   i___________
(1)' wFlame and Combustion in  G ases” • p .1 5 8 .
(2) Journal o f  th e  Chemical S o c ie ty . F eb .1927 .
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I f  th e  lum inous c o n d itio n  was n e c e s s a r i ly  a mark o f  
ch em ica l a c t i v i t y  then burning w ould appear ( in  S e r ie s  C.) 
to  be more prolonged  w ith  an advanced spark -  and h igh  
average d e n s ity  -  than when th e  spark was r e ta rd ed . This 
does n o t appear to be r e a so n a b le . I t  i s  true th a t the  
lum inous c o n d itio n  p e r s i s t s  fu r th e r  down the expansion  
stro k e  in  the case o f  the reta rd ed  spark than in  th e  
case o f  the advanced spark (s e e  F ig  • 32. p .49 ) 5 but i t  
a ls o  i s  tru e  th a t  a f t e r  the prolonged p er iod  o f  in te n se  
r a d ia t io n  accompanying the l a t t e r  c o n d it io n , the in te r n a l  
en e rg y -o f the charge i s  l e s s  a t  any g iv en  p o in t in  the  
expansion  l in e  than when the spark i s  r e ta rd ed . This i s  
dem onstrated  by the read in gs o f  exhaust tem perature  
(Table V III) and by the p ressu re  rea d in g s a t  0 .2 5 ” from 
the end o f  the diagram , g iv en  in  Table V I. I t  w i l l  be 
s t i l l  fu r th e r  dem onstrated in  the account o f  the la te r  
t e s t s  o f  S e r ie s  D.
There i s  no ev id en ce  in  th e se  t e s t s  o f  the p ro tracted  
chem ical a c t iv i t y  which i s  im plied  in  the term A f t e r ­
burning” . The w r ite r  i s  o f  the op in ion  th a t both thermal 
and chem ical eq u ilib r iu m  may be assumed w ith  confidence  
to  e x i s t  a f te r  an in te r v a l o f  tim e from the p o in t o f  
maximum in t e n s i t y  o f  r a d ia t io n , equal to  the tim e which 
e la p se s  between th e  spark and the p o in t o f  maximum 
in t e n s i t y .  This tim e v a r ie s  in  the t e s t s  according to the  
angle o f  advance o f  the spark and the a ir /g a s  r a t i o .  I t  
ranges from 18° to  30° o f crank angle or from about 0 .015  
to ? 0*0236 second *
( 1)
I t  was Hopkinson*s c o n v ic tio n  in  working w ith  
normal m ixtu res th a t combustion was q u ite  com plete by the
t i m e / ___________ _________________________________________________
(1) P roc. Roy. Soc. V ol.77A , 1906.
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tim e the flam e fr o n t  reached  the w a lls  o f  th e  e x p lo s io n  
chamber, i . e .  by the tim e maximum p ressu re  was reached#  
T his was a t  var ian ce  w ith  C lerk fs con cep tion  which i s
Wd e sc r ib ed  as fo llo w s  in  h i s  own words.®
”The e x p lo s io n  i s  com plete when maximum p ressu re
i s  a tta in e d #  I t  does n o t fo llo w  from t h i s  th a t  the
com bustion i s  com plete; th a t  i s  another m atter# The
e x p lo s io n  a r is e s  from th e  ra p id  spaseading o f  the flam e
throughout the whole mass o f  th e  m ix tu re . More or l e s s
r a p id  inflam m ation means more or l e s s  e x p lo s iv e  e f f e c t ,  but
n o t  com plete com bustion . The com plete burning o f  the
g a se s  p resen t may n o t occur u n t i l  long a f t e r  com plete
in flam m ation” •
In th e  p resen t t e s t s  th ere  seems to be noth in g
w hich can be regarded a s proving Hopkinson wrong or Clerk
r ig h t#  C lerk ’s con cep tion  was la r g e ly  based  on the
r e s u l t s  o f  h i s  c la s s i c  experim ent on the re*-compress ion
(2)
and r e -ex p a n s io n  o f  the gases in  the engine C ylin d er.
A la t e r  s e c t io n  o f  t h i s  r ep o rt d e a ls  w ith  a r e p e t i t io n  
o f  t h is  experim ent the r e s u l t s  o f  which do n ot seem to  
support a l l  o f  C lerk’s c o n c lu s io n s .
(1 ) wThe Gas, P e tr o l and O il E ngine” . V o l# I . p#128, 1910#
(2) P roc. Roy# Soc# V ol.77A . 1906. p#500.
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SECTION IV
E f f e c t s  @f Varying Spark-Advance @n th e  In d ica to r  
Diagram; and Measurement ©f R ate ©f H eat L oss .
Combustion T ests; B e r ie s  p .
The r e s u l t s  o f  S e r ie s  C drew s p e c ia l  a t te n t io n  to  
th e  thermodynamic e f f e c t s  o f a l t e r in g  the a n g le  o f  advance 
o f  the sp ark . Owing to  the r a th e r  r ic h  m ixture which had 
to  be u sed  in  th ese  t e s t s  ( in  order to  induce marked 
lu m in o s ity  and so o b ta in  a s u f f i c i e n t ly  c le a r  photograph 
w ith  the slow  f ilm  used) the in d ic a to r  reco rd s were a l l  
su b je c t  to  much v ib r a t io n . I t  was th e r e fo r e  con sid ered  
d e s ir a b le  to  u se  a la r g e r  a ir /g a s  r a t io  to  ob v ia te  the  
v ib r a t io n ;  but in  order to  g e t  good photographic record s  
w ith  t h i s  weaker m ixture a f i lm  w ith  a speed o f  about 600 
H and D was u sed .
The new t e s t s  were arranged in  the manner p rev io u sly  
d e sc r ib e d , th e  exh au st tem perature being in clu ded  among the  
o b s e r v a t io n s . The in d ic a to r  diagrams obta in ed  are i l lu s t r a t e d  
in  F ig .5 b p * 5 &  w h ile  the photographic reco rd  o f  the  
e x p lo s io n s  i s  g iven  in  Fig.?)4-p*58 . Table X p»59 con ta in s  
th e  o b ser v a tio n s  and c h ie f  data r e la t in g  to  the t e s t s .
For m echanical reason s i t  was n ecessa ry  to u se  the  
b a tte r y  and c o i l  ig n i t io n  in t e s t s  5 and 6 ; but as has been 
seen  (p . 35  ) t h is  in  no way a f f e c t s  the record s o f  com bustion.
I t  i s  ra th er  d i f f i c u l t  to  co n tro l th e  a ir /g a s  r a t io  
so as to keep i t  q u ite  con stan t throughout a s e r ie s  o f  t e s t s .  
The v a lu e s  show a s l i g h t  in c re a se  in  the r a t io  from H o .l to  
H o.6 , but they  are s u f f i c i e n t ly  c lo s e  to  i l l u s t r a t e  again  
th e  p r o p e r tie s  o f  the luminous p er iod . This i s  e s p e c ia l ly  
tru e  because the in c r e a s in g  r a t io  would ten d  to n u l l i f y  
ra th er  than to  in c re a se  the e f f e c t s  dem onstrated by the  
photograph.
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L um inosity and P r e ssu r e *
In th e  r ec o rd  o f  e x p lo s io n s  (F ig .J ^ p . 5 6  ) the  
p h otograp h ic  drum d r iv e  was su b je c t  to  a change o f  a d ju s t ­
ment between t e s t s .  To render th e  t e s t s  e a s i ly  com parable, 
th e  p o s it io n  o f  crank d ea d -cen tre  i s  marked on the photo­
graph fo r  each c a se . A c a r e fu l comparison o f  the photo­
grap h ic  r eco rd s  and th e  in d ic a to r  cards d id  n ot r e v e a l  any 
c le a r  d if fe r e n c e  between the p o in ts  o f  maximum in t e n s i t y ,  
and maximum p r e ssu r e . The in t e n s i t y  o f the lu m in o sity  
in c r e a s e s , how ever, from N o .l  to  No . 6 as can a lso  be observed  
in  th e  rec o rd s  o f  S e r ie s  C.
The In d ica to r  Diagram s.
The reduced v ib r a t io n  exp erien ced  w ith  the weaker 
m ixture u sed  in  th ese  t e s t s  made i t  p o s s ib le  for  the diagrams 
to  be measured up and transform ed to  the ordinary base o f  
p is to n  d isp la cem en t. The m icroscope arranged by the w r iter  
fo r  t h is  purpose i s  shown in  F ig.hSjp .& O  . i t  has two 
tr a v e r s in g  rack s a t  r ig h t  an g les and read s by means o f  
V ern ier s c a le s  to  0 .0 0 2  in .  in  each d ir e c t io n . I t  may be 
urged h ere  th a t whatever inaccuracy in  i t s  in d ic a t io n s  o f  
a b so lu te  measurements may be charged a g a in s t  the m echanical 
in d ic a to r , in form ation  o f  very g r ea t va lu e  can be obtained  In 
the com parative study o f diagrams obtained  under d if f e r e n t  
c o n d itio n s  ? When the diagrams are measured up w ith  the a id  
o f  a m icroscope o f  the kind r e fe r r e d  t o .
The diagrams were transform ed w ith  the u se o f  Table 1
p . M . The r e s u l t  i s  shown in  F ig . 5 t , p . The diagrams
o f  t e s t s  N o s .3 ,4 ,5  and 6 e x h ib it  n ea r ly  p a r a lle l  expansion
l in e s  and from t h is  i t  may be in fe rr ed  th a t during expansion  
th ere  i s  no marked d istu rb an ce due to any uneven com bustion. 
T h is, to g eth er  w ith  the appearance o f the photographic  
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in  a l l  th e se  t e s t s  are in  a s im ila r  s t a t e  o f  eq u ilib r iu m
a t any g iven  volume on th e  expansion  curves*
Optimum Spark A n gle . When the areas o f  th e  p o s i t iv e  
lo o p s  o f  the in d ic a to r  diagrams are p lo t t e d  on a base  
o f  sp a rk -a n g les  the maximum va lu e  corresponds w ith  what
i s  now known as the ’’optimum spark s e t t in g ” . The curve
i s  g iven  in  F ig  .(oZ and shows th a t  the b e s t  spark 
s e t t in g  fo r  the g iven  c o n d itio n s  o f  speed and a ir /g a s  r a t io  
i s  “about .-12° •
Temperature * To examine more c lo s e ly  than was done in  
th e  p rev iou s t e s t s  the r e la t io n s h ip  between the tem perature  
and th e  lu m in o s ity , curves o f ’’mean tem perature” were 
p lo t t e d  on a base o f crank angles fo r  a l l  the t e s t s  o f  
S e r ie s  D. The curves are shown in  F ig . 58 p togeth er
w ith  th e  curves o f  p r e ssu re .
The ’’mean tem perature” accord ing to  the p r a c tic e  
fo llo w e d  by P ro fesso r  W .T.David and o th e r s , i s  the  
tem perature reckoned from the p ressu re  curve. In the  
experim ents w ith  a c lo sed  v e s s e l  such as David petffoimed, 
the mean tem perature was d ir e c t ly  d ed u cib le  from the  
p r e ssu re ; but in  the g a s /e n g in e  the changing volume i s  
to  be taken in to  accou nt. The method o f c a lc u la t in g  
the tem perature i s  d escr ib ed  on p . 8k o f  the Appendix.
This method does n o t take account o f the change in  the  
number o f  m olecu les due to  com bustion. I f  a co rr ec tio n  
fo r  t h i s  change i s  made, the f ig u r e s  ob ta in ed  are about 
3 -^ per cen t h ig h er  than the tem peratures shown by the  
curves fo r  the p eriod  fo llo w in g  com bustion. For the 
combustion p eriod  i t s e l f  the c o rr ec tio n  i s  in d eterm in ate . 
Speed o f  Combustion. The time in te r v a l e la p s in g  between 
th e  spark and the maximum p ressu re has been c a lle d  by some 
ob servers the ’’tim e o f  com bustion” . I t  has been thought 
d e s ir a b le /
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d e s ir a b le  to  c o l l e c t  in to  one ta b le  the tim es o f  
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An exam ination  o f  th e  f ig u r e s  r e fe r r in g  to  S e r ie s  D 
in  con ju n ction  w ith  the in d ic a to r  diagrams in  F i g . 53 p*58 
seems to  le a d  to  c e r ta in  c ln c lu s io n s .  The sp e e d ie s t  
combustion ta k es p la c e  in  t e s t  Ho. A -. In t h i s  p a r t ic u la r  
t e s t  the d ea d -cen tre  f a l l s  near the m iddle o f  the combustion  
p er io d , i . e .  the gaseous d e n s ity  has i t s  maximum v a lu e  
h a l f  way through th a t p e r io d . In t e s t s  H os. 5 and 6 
the maximum pressu re  i s  reached b efo re  the p o in t o f  
maximum d e n s ity , and in  N o s.1 ,2 .  and 3 i t  i s  reached a 
co n sid era b le  time a f t e r  the p o in t o f  maximum d e n s ity  has 
been p assed . I t  would appear, th e r e fo r e , th a t the speed  
o f  the combustion wave depends on the average d e n s ity  o f  
the charge during the burning p r o c e ss .
The ta b le  in  g en era l seems to  show th a t  a marked 
speeding up o f  combustion accompanies a d ecrease  In th e  
a ir /g a s  r a t i o ,  a r e s u l t  supported by common o b ser v a tio n .
In th ese  t e s t s  the combustion time ranges from 0 .0156
sec* to 0 .0 2 6 3  s e c . depending on working c o n d it io n s . The
w r ite r  has r e c e n tly  seen  a r e fe r e n c e  to  work on combustion
in  the p e tr o l engine cy lin d er  by P rofessor  Watson in
which the combustion tim es were found to  vary from 0 .0 1
to  0 .013  s e c .  I t  i s  perhaps su r p r is in g  th a t  the combustion 
tim es/
6 5
tim es sh ou ld  n ot d i f f e r  more w id e ly  as betw een the  
gas en g in e  and the p e tr o l  e n g in e . W ith our knowledge 
o f  th e  form o f the in d ic a to r  card fo r  th e  gas engine  
running a t  200  r e v s /m in . i t  can be f u l l y  understood  
why the g en era l form o f  the diagram o f  a p e tr o l  en g in e  
running a t  over 1000  r ev s /m in . in d ic a te s  l i t t l e  ffcon stan t  
volume burn ing” .
A measure o f  the r a te  o f  h ea t lo s s  a t maximum tem p eratu re .
R e fe r r in g  to  th e  curves o f  mean tem perature in  P ig .38 
(o p p o s ite  p .  £>4) i t  w i l l  be n o t ic e d  th a t the maximum 
tem perature i s  much th e  same in  the t e s t s  3 ,4 ,5  and 6 , 
and th a t th e  tem perature i s  m aintained a t  a h igh  v a lu e ,  
approxim ating to  th e  maximum, fo r  a p eriod  which depends 
on the an g le  o f  advance o f  th e  spark.
I f  i t  be assumed th at the lo s s  o f h e a t up to  the  
p o in t o f  maximum tem perature i s  the same in  a l l  c a se s  then  
an exam ination  o f  the diagrams w i l l  a ffo r d  a means o f  
o b ta in in g  th e  r a te  o f  h e a t - lo s s  in  the reg io n  o f  th e  
h ig h  tem perature. There i s  stron g  j u s t i f i c a t i o n  for  
t h i s  assum ption . From the in s ta n t  th e  spark tak es  
p la ce  u n t i l  the flam e-wave alm ost reaches the w a l l s ,  the  
tem perature o f  the gases in  co n ta ct w ith  the w a lls  does 
n ot r i s e  to  a great e x te n t .  The lo s s  by conduction , 
th e r e fo r e , i s  m oderate. Loss by r a d ia t io n  becomes 
s p e c ia l ly  marked o n ly  when the flam e i s  approaching the  
w a l l s ,  i . e .  when the poin t o f  maximum p ressu re i s  n ea r ly  
reach ed . The lo s s  by r a d ia t io n  and conduction in  the  
f i r s t  part o f  the combustion s ta g e , th e r e fo r e , may be 
reason ab ly  assumed to  be the same in  a l l  the four t e s t s  
3 ,4 ,5  and 6 .
L e t /
(o(o
Let th e  two curves ABC and a' b' c' (P ig .3 9 ) r ep re sen t  
the changes In  the mean tem perature in  two t e s t s  w ith
DEAD
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th e  same a ir /g a s  r a t i o ,  but in  one o f  which th e  spark i s  
a t A and in  the o th er  a t A*. The mean tem perature from 
B to  C i s  n e a r ly  the same as th e  mean tem perature from 
Bf to  C*, and the e x tr a  h eat l o s t  in  ABC may be regarded  as 
th e  lo s s  due to  the d if fe r e n c e  BB in  the in te r v a l during
w hich th e  h igh  tem perature i s  m ain ta in ed .
( 1)
I f  P artin g ton  and S h il l in g * s  eq u ation s are a p p lied  
to  the pre-com bustion  m ixture a t A and A* and to  the p o st­
com bustion m ixture a t  C and C, and i f  the work areas  
between A and C, and between A* and C* are found, an 
a p p lic a t io n  o f  the energy equ ation  w i l l  y i e ld  a va lu e fo r  
th e  d if f e r e n c e  in  th e  h eat l o s t  —  assuming the h ea t o f  
com bustion o f  the charge to  be the same in  both c a s e s .
Taking th e  curves for  t e s t s  3 ,4 ,5  and 6 in  F ig . 36 
and ch oosin g  the p o in t C in  each case as shown we ob ta in  
th e  v a lu e s  g iven  in  ta b le  SO. .
T ableSL _____________________





between A & C 
C.H.U.
333 2 .8 5 9 .7 7 1 .405
D4 2 .8 1 9 .77 1.33
335 2 .6 6 9 .625 1 .1 2
336 2 .4 5 9 .625 0 .8 1
TableXBI g iv e s  the value o f  the d if fe r e n c e  in  h e a t-
lo s s  between chosen t e s t s .
The f ig u r e  obtained  u s in g  t e s t s  4 and 6 would appear
to  be too h ig h . The va lu es are far  from c o n s is te n t  owing
to  the f a c t  th a t we are here d e a lin g  w ith  sm all difference_s 
"(1) "The S p e c i f i c  h ea t o f  d a s e f
<c7
o f  ra th er  la rg e  q u a n t i t i e s .
This method o f  e s t im a tin g  r a te  o f  h e a t - lo s s  in  the  
com bustion s ta g e  i s  put forward t e n t a t iv e ly ,  as a method 
p o s s ib le  when th e  in d ic a t in g  apparatus i s  o f  a s p e c ia l ly  




D iffe r e n c e  in  
Heat l o s t
C.H .U.
D iffe r e n c e  in  
d u ration  o f  
h igh  tem perature  
p e r io d .
Degrees o f
IS a t  e o?
Heat l o s s .
tC .H.XJ . /d e g r e e .
D3 and D6 0 .5 5 25 0 .0 1 4
D4 anfi D6 0 .3 0 5 16 0 .019
D5 and D6 0 .1 0 6 0 .0 1 6
Mean R ate: 0 .017
The h e a t o f  combustion o f  the charge i s  very n ea r ly  16 C.H.U. 
and th e r e fo r e  th e  r a te  o f  h e a t - lo s s  o b ta in ed , namely 
0 .0 1 7  G.H.U. per degree o f  cran k -an g le , in d ic a te s  th a t ,  
w ith in  an an g le  o f 10 degrees in  the reg io n  o f  the dead- 
c e n tr e , th e  charge lo s e s  about 1 per cent o f  i t s  h ea t o f  
com bustion . This i s  perhaps l e s s  than one might e x p e c t .
In order to  compare t h is  r a te  o f  h e a t - lo s s  w ith  th a t  
ob ta in ed  by another m ethod, F ig .4 0  p . 6 8  was prepared .
The curve shows the r a te  o f  h e a t - lo s s  on a tem perature  
b a se , r e p lo t te d  from f ig u r e s  ob ta in ed  by th e  Clerk  
ttz ig -z a g  diagram” method and graphed in  F i g . 5 4  (o p p o site  
p . 85) , The p o in t ob ta in ed  from the c o n sid er a tio n s  above 
d escr ib ed  as ap p lied  to  S e r ie s  D i s  found to  l i e  below  
th e  extended curve ob ta in ed  by the Clerk method.
I t  i s  to  be n o ted , however, th a t the Clerk method 
cannot take in  the expansion l in e ,  and i t s  a p p lic a t io n  
g iv e s  the v a lu e s  fo r  the l in e s  o f  recom pression  and 
re -ex p a n sio n  -  for  which the tem peratures are very much 
lower than th a t o f  the combustion s ta g e . Here the  
average tem perature fo r  the h igh-tem perature period i s  




AN EXAMINATION OF CLERK * S WZIG-ZAG DIAGRAM*1 
METHOD FOR DETERMINING RATE OF 
HEAT LOSS AND FOR FINDING 
SPECIFIC HEATS OF 
GASES.
C lerk*s c la s s i c  experim ent on th e  su c c e s s iv e  com pression  
and expansion  o f  th e  products o f  combustion in  th e  c y lin d er  o f  
a gas en g in e  was d escr ib ed  in  1906 in  th e  P roceeding o f  the  
R oyal S o c ie ty  (V o l.7 7 A ). S in ce  th a t tim e there i s  on r e c o r d ,  
apart from r e p e t i t io n s  by C lerk h im s e lf ,  only the work o f  
Hopkinson on the com pression and expansion  o f  a ir  as 
r e p r e se n t in g  an a p p lic a t io n  o f  the same method.
I t  i s  d i f f i c u l t  f u l l y  to  a p p rec ia te  the p o in ts  o f the  
method w ith o u t a c tu a l ly  ap p ly in g  i t  from beginn in g  to  end.
To v e r i f y  some o f  C lerk*s co n c lu sio n s the p resen t t e s t  
was c a r r ie d  o u t . Use was made o f  a s e t  o f  s p e c ia l  cam r o l l e r s  
d esign ed  by P ro fesso r  G oudie. Each was so arranged th a t by 
rem oving a d is ta n ce  p iece  on the r o l l e r  pin a sp rin g  in s ta n t ly  . 
fo rced  th e  r o l l e r  a long  the p in  and out o f  a c t io n . The 
arrangement can be seen c le a r ly  in the photograph F ig J 2 , [>•!&
An ordinary m echanical in d ic a to r  (Maihak make) was u sed  
fo r  th e  p ressu re r e c o r d s . P reviou s exp erien ce  had shown th a t  
c o r d -s tr e tc h  e f f e c t s  tended to  d is to r t  the Clerk diagram so 
th a t the ends o f  the su c c e s s iv e  double l in e s  d id  n o t show up as 
c le a n ly  a c u te . To overcome t h i s ,  the Clerk diagram was 
recorded on the d isp la ced  s c a le .  This was la t e r  transform ed  
to  the tru e  diagram on a la r g e  s c a le  by u sin g  Table I  and 
tak in g  the pressu re read in gs on the d isp la ce d  card by means 
o f  a m icroscop e .
B efore the t e s t ,  the v a lv e s  were ground in , and leak ages
a t  the in d ic a to r  con n ection s and the spark-plug r ep a ired . 3h
s p ite  o f  t h is  i t  was f u l ly  understood th a t , s in ce  the cy lin d er
l in e r  and p is to n  in  use were far from new, leakage past the
p is to n  would be n o t in c o n s id e r a b le . I t  was a lso  noted th a t  
a lth o u g h /
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a lth ou gh  the in d ic a to r  was in  good co n d itio n  co n sid er a b le  . 
leak age took p la ce  past the in d ic a to r  p is to n . Whatever 
r e s u l t s  were to  be o b ta in ed , th e r e fo r e , i t  was noted  th a t  
leak age would r e p r e se n t a source o f s e n s ib le  e r r o r .
C lerk Ts Method. B efore the exhaust cou ld  take p la ce  
in  the course o f a normal working c y c le ,  the cam r o l l e r s  were 
r e le a s e d  so th a t  n e ith e r  the exhaust va lve  nor the adm ission  
v a lv e  could open during the subsequent r e v o lu t io n s  o f the 
e n g in e . The p r o c e ss , when recorded on an ord inary in d ic a to r ,
y ie ld e d  a diagram l ik e  th a t shown in  F ig .4-1, p.71
B r ie f  Sketch  o f  the A n a ly t ic a l P ro c ess . Adopting so 
fa r  as p o s s ib le  C lerk fs sym bols, l e t  the work done on the  
gas during com pression AB be W, and by the gas during 
expansion  BC, W, . Let S be the average therm al c a p a c ity  a t  
co n sta n t volume o f the gas in  the cy lin d er  (exp ressed  in
f t . - l b . )  between A and B a t  which p o in ts  the tem peratures are
r e s p e c t iv e ly  t c and t , .
S = ^ ~ Heat l o s t  during com pression AB - -  -  -  (1) 
t, - 1„
L et the h e a t l o s t  be w r itte n  down as SxB where 0 i s  a
W  —  S 0range o f  tem perature, then S =  ---- -
t t -  t 0
or S =     - - - - -  (2)
t ,  - t 0 +  0
The q u a n tity  8 i s  approxim ately determ inable from 
c o n s id er a tio n  o f  the double strok es such as ABC. I f  S, i s  
the average therm al ca p a c ity  of the charge between the 
tem perature t 0 a t  A and th e  tem perature t 0, a t C
n _ Heat l o s t  in  ABC -  (W-W, )
s t ----------------------------------------------
t e  — t o j
L et the h ea t lo s t  during ABC be w r itte n  S, g 
W- W,Then S =
— ( tc - t 0l )







A s  a  f i r s t  a p p r o x i m a t i o n  a s s u m e  W - W ,  =  0  i . e .  g  =  t Q  - t o l  .
P l o t  s u c h  v a l u e s  a s  t G  a n d  t o l  o n  a  b a s e  o f  r e v o l u t i o n s .  
F r o m  t h e  c u r v e  s o  o b t a i n e d  g e t  v a l u e s  f o r  t h e  d r o p  in 
t e m p e r a t u r e  i n  t h e  f i r s t  h a l f  o f  e a c h  r e v o l u t i o n .  T h i s  d r o p  
in t e m p e r a t u r e  i s  a p p r o x i m a t e l y  e q u a l  t o  0 .  S u b s t i t u t i n g  
t h i s  v a l u e  f o r  0 i n  e q u a t i o n  ( 2 )  g e t  a  v a l u e  f o r  S .  B y  
p u t t i n g  t h i s  v a l u e  f o r  S (  i n  e q u a t i o n  ( 3 )  a  n e w  v a l u e  i s  
o b t a i n e d  f o r  g .  S u c c e s s i v e  a p p l i c a t i o n s  o f  t h i s  p r o c e s s  t o  
a l l  s u c h  d o u b l e  s t r o k e s  a s  A B C ,  y i e l d  a  s e r i e s  o f  n e w  v a l u e s  
f o r  g  f r o m  w h i c h  t h e  c u r v e  o f  d r o p  i n  t e m p e r a t u r e  o n  a  b a s e  
o f  r e v o l u t i o n s  c a n  b e  m o d i f i e d .  H e w  v a l u e s  f o r  9  a r e  
o b t a i n e d  f r o m  t h e  f i r s t  h a l v e s  o f  t h e  r e v o l u t i o n s  o n  t h i s  
m o d i f i e d  c u r v e  a n d  b y  s u b s t i t u t i n g  t h e s e  i n  e q u a t i o n s  s u c h  a s
( 2 )  n e w  v a l u e s  a r e  o b t a i n e d  f o r  S .  T h i s  i s  f o u n d  t o  b e  a  
s u f f i c i e n t  a p p r o x i m a t i o n  i n  v i e w  o f  t h e  l i m i t a t i o n s  o f  t h e  
m e t h o d .
S i m i l a r l y  f o r  t h e  h i g h  p r e s s u r e  e n d  o f  t h e  d i a g r a m  t h e  
t w o  t y p i c a l  e q u a t i o n s
g  =  t ,  -  t H -  U - T . - U  a r e  a p p l i e d  t o  t h e  e x p a n s i o n  
l i n e s  a n d  s u c h  d o u b l e  s t r o k e s  a s  B C D .
E x p e d i e n t s  A d o p t e d .  C l e r k  s t a t e d  t h a t  w h e n  t h e  v a l u e s  o f  g  
w e r e  p l o t t e d  o n  a  b a s e  o f  m e a n  t e m p e r a t u r e  i n  t h e  d o u b l e  s t r o k e s ,  
a  c u r v e  w a s  o b t a i n e d  s u c h  t h a t  h a l f  t h e  o r d i n a t e  a t  t h e  m e a n  
t e m p e r a t u r e  v a l u e  f o r  a n y  s i n g l e  s t r o k e  g a v e  t h e  v a l u e  o f  0  f o r  
t h a t  s t r o k e .  H e  d e f i n e d  ’ ' m e a n  t e m p e r a t u r e ”  a s  f o l l o w s :
“ M e a n  t e m p e r a t u r e  d u r i n g  a n y  e x p a n s i o n  o r  c o m p r e s s i o n  
s t r o k e  o r  p a r t  o f  a  s t r o k e  i s  t a k e n  i n  r e l a t i o n  t o  t i m e ,  
t h e  o b l i q u i t y  o f  t h e  c o n n e c t i n g  r o d  b e i n g  n e g l e c t e d  a n d  
t h e  m o t i o n  o f  t h e  p i s t o n  b e i n g  t a k e n  a s  s i m p l e  h a r m o n i c  
m o t i o n
W i t h  t h e  i n t e r p r e t a t i o n  o f  t h i s  d e f i n i t i o n  h e r e i n  a d a p t e d ,  t h e  
a b o v e  s t a t e m e n t  w a s  f o u n d  t o  b e  v e r y  n e a r l y  t r u e .
F o r  t h e  r e a s o n  t h a t  c a l c u l a t i o n s  m a d e  b y  t h e  a b o v e  m e t h o d s
a r e /
73
a r e  l i a b l e  t o  v e r y  c o n s i d e r a b l e  d i s t u r b a n c e  d u e  t o  p o s s i b l e
i n d i c a t o r  e r r o r s  s o  s m a l l  a s  0 . 1  m m . ,  C l e r k  a d o p t e d  a n o t h e r
p r o c e d u r e  i n  o b t a i n i n g  h i s  f i n a l  r e s u l t s .  H e  d r e w  o n  h i s
d i a g r a m  a  v e r t i c a l  l i n e  a t  ^ o t h s  o f  t h e  s t r o k e  f r o m  t h e  i n n e r
e n d  a n d  c o n f i n e d  h i s  o b s e r v a t i o n s  t o  t h e  s e g m e n t s  l y i n g  o n
t h e  h i g h  p r e s s u r e  s i d e  o f  t h e  l i n e .  R e f e r r i n g  t o  t h e
p a r t i a l  c o m p r e s s i o n  l i n e s  b y  l c ,  2 c ,  e t c .  a n d  t o  t h e  p a r t i a l
e x p a n s i o n  l i n e s  b y  l e ,  2 e ,  e t c .  w e  h a v e ,  d u r i n g  l c  a n d  l e ,  a n
o b s e r v e d  f a l l  o f  t e m p e r a t u r e  o f  t a  - t b  ( s e e  Fig;4l,s.j>7l) T h e
t r u e  t e m p e r a t u r e  f a l l  v a l u e  g !  =  t a - t b  +  w h e r e  t o  a n d  t o ;
S
a r e  t h e  w o r k  v a l u e s .
T h e  v a l u e  g i v e n  t o  S  i n  a p p l y i n g  t h i s  e x p r e s s i o n  i s  t h a t  
o b t a i n e d  f r o m  t h e  c a l c u l a t i o n s  o n  t h e  f u l l  l i n e .  T h e  v a l u e s  
s u c h  a s  g !  t h u s  o b t a i n e d  a r e  p l o t t e d  o n  a  b a s e  o f  m e a n  
t e m p e r a t u r e  f o r  t h e  c o m b i n e d  p a r t i a l  c o m p r e s s i o n  a n d  p a r t i a l  
e x p a n s i o n  s t r o k e s .  F o l l o w i n g  t h e  g e n e r a l  p r o c e d u r e  d e s c r i b e d
i
a b o v e ,  v a l u e s  f o r  0  w e r e  f o u n d  b y  t a k i n g  h a l f  t h e  o r d i n a t e  
c o r r e s p o n d i n g  t o  t h e  m e a n  t e m p e r a t u r e  f o r  - ^ t h s  o f  t h e  s i n g l e  
s t r o k e ,  w h e r e
(XT
t, -t„+  a
o n  c o m p r e s s i o n  l i n e s  a n d
S  =  - - - ^ - - -   o n  e x p a n s i o n  l i n e s .
t| -t„-a
T h e  F o r m  o f  t h e  D i a g r a m .  B e f o r e  p r o c e e d i n g  t o  a  d e t a i l e d
i t  i s  d e s i r a b l e  to d e s c r i p t i o n  o f  t h e  p r e s e n t  t e s t  . X  ' c o n s i d e r  b r i e f l y  t h e
t h e r m o d y n a m i c  f a c t o r s  d e t e r m i n i n g  t h e  f o r m  o f  t h e  d i a g r a m .
G i v i n g  t h e  s y m b o l s  t h e i r  u s u a l  s i g n i f i c a n c e ,  t h e  F i r s t
L a w  o f  Thermodynamics i s  e x p r e s s ib le  by
d Q ,  =  C v . d T  +
P o s t u l a t i n g  p v  =  W R T  a n d  W  =  1  w e  h a v e
dT = ,H #dv + l r * dp*7 ) V  ? > p
=  f d v  +  Jap.
jr. /
14-
dQ = Cv|( |d v  + ’ dp) + Edv
T
But Cp -  Cv = £
<J
1  _  C p  -  C v
d Q ,  = C v  +  C p  -  C v  R R - ^ p d v  +  - ~ . v d p
° r  I f  =  ^ ’ p " a l  + TT* v 4 f  where t  i s  time
A t  t h e  d e a d  c e n t r e s  • —  i s  f i n i t e ,  h u t  =  0d t
T h e r e f o r e  t h e  c o n v e r g i n g  p a i r s  o f  l i n e s  h a v e  c o m m o n  t a n g e n t s  
a t  t h e  p o i n t s  A , B , C  e t c .  T h e  o u t - o f - p h a s e  d i a g r a m ,  h o w e v e r ,  
w i l l  h a v e  z e r o  g r a d i e n t  a t  t h e  p o i n t s  c o r r e s p o n d i n g  t o  t h e
D e s c r i p t i o n  o f  T e s t .  T h e  e n g i n e  w a s  r u n  s t e a d i l y  o n  l e a d  
f o r  a  c o n s i d e r a b l e  t i m e .  R e a d i n g s  w e r e  t a k e n  a t  t h e  
b e g i n n i n g  a n d  e n d  o f  a  c h o s e n  i n t e r v a l  o f  t i m e  i n  a  m a n n e r  
s i m i l a r  t o  t h a t  a d o p t e d  i n  t h e  p r e v i o u s l y  d e s c r i b e d  t e s t s .
I n  t h e  i n t e r v a l  a n  e x h a u s t  t e m p e r a t u r e  r e a d i n g  w a s  n o t e d  a n d  
a  l i g h t  s p r i n g . d i a g r a m  o b t a i n e d .  I m m e d i a t e l y  t h e  s e c o n d  
s e t  o f  r e a d i n g s  w a s  t a k e n ,  t h e  c a m  r o l l e r s  w e r e  r e l e a s e d  a n d  
a n  i n d i c a t o r  d i a g r a m  w a s  o b t a i n e d .  T h e  d i a g r a m  i s  s h o w n  i n  
F i g . 4 Z , j J w h i c h  c o n s i s t s  o f  a n  a c t u a l  c a r d .
I t  s h o u l d  b e  n o t e d  h e r e  t h a t  C l e r k  r a n  h i s  e n g i n e  l i g h t  
f o r  t h i s  p u r p o s e  a n d  u s e d  a  c o l d  j a c k e t .  I n  t h e  p r e s e n t  
t e s t  t h e  e n g i n e  r a n  o n  l o a d  t h r o u g h o u t  t h e  p e r i o d  o f  t h e  t e s t  
a n d  t h e  t a k i n g  o f  t h e  d i a g r a m ,  a n d  a  t e m p e r a t u r e  o f  1 1 2  ° F  w a s  
r e g i s t e r e d  a t  t h e  j a c k e t .
T h e  D i a g r a m s .  T h e  d i s p l a c e d  d i a g r a m  w a s  f i r s t  c o n v e r t e d  t o  
t h e  o r d i n a r y  P - V  s c a l e .  T h i s  w a s  d o n e  b y  m o u n t i n g  i t  u n d e r  
a  m i c r o s c o p e  w h i c h  c o u l d  b e  t r a v e r s e d  i n  t w o  d i r e c t i o n s  a t
r i g h t  a n g l e s ,  t h e  d i s p l a c e m e n t s  o f  t h e  m i c r o s c o p e  b e i n g  n o t e d  
o n /
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o n  V e r n i e r  s c a l e s .  T h e  a t m o s p h e r i c  l i n e  w a s  a r r a n g e d  t o  l i e  
p a r a l l e l  t o  o n e  o f  t h e  d i r e c t i o n s  o f  t r a v e r s e  o f  t h e  m i c r o s c o p e .  
A t  r e g u l a r  i n t e r v a l s  a l o n g  t h i s  l i n e  s e t s  o f  r e a d i n g s  w e r e  m a d e  
i n  t h e  o t h e r  d i r e c t i o n  o f  t r a v e r s e  o n  t h e  v a r i o u s  c o n v o l u t i o n s  
o f  t h e  c u r v e .  T h e  r e s u l t  i s  g i v e n  i n  T a b l e X G T  t o g e t h e r  w i t h  
t h e  c o r r e s p o n d i n g  f r a c t i o n a l  d i s p l a c e m e n t s  o n  t h e  t r u e  c u r v e .
|*7iT h e  l i g h t  s p r i n g  d i a g r a m  i s  s h o w n  i n  F i g . 4 3 ,  o n  t h e  
d i s p l a c e d  s c a l e .  I t s  t r u e  s c a l e  f o r m  i s  s h o w n  i n  F i g > 4 4 - , j ? . 7 t  T h e  
d i s p l a c e d  d i a g r a m  h a s  a n  a d v a n t a g e  a g a i n  i n  t h i s  c a s e .  I t  i s  
g e n e r a l l y  t h e  c o n d i t i o n s  a t  t h e  e n d  o f  s u c t i o n  o r  t h e  e n d  o f  
e x h a u s t  w h i c h  a r e  r e q u i r e d  f r o m  a  l i g h t  s p r i n g  c a r d .  B y  
o p e n i n g  u p  t h e  e n d  s c a l e s ,  t h e  d i s p l a c e d  d i a g r a m  s h o w s  w i t h  
a c c u r a c y  t h e  p r e s s u r e s  a t  t h o s e  p o i n t s .
T h e  d i a g r a m  F i g . 4 5  w a s  b u i l t  u p  f r o m  t h e  v a l u e s  i n  T a b l e X H .  
I t  h a s  t h e  c h a r a c t e r i s t i c  f o r m  o f  t h e  d i a g r a m  o r i g i n a l l y  
d e s c r i b e d  b y  C l e r k .
A B >  C D ,  E F  e t c .  a r e  c o m p r e s s i o n  c u r v e s .  B C ,  D E ,  F G ,  e t c . a r e  
e x p a n s i o n  c u r v e s .
A l l  t h e  c a l c u l a t i o n s  w e r e  b a s e d  o n  t h i s  d i a g r a m .  A r e a s  
w e r e  m e a s u r e d  b y  m e a n s  o f  a n  A m s l e r  p l a n i m e t e r .
S u m m a r y  o f  W o r k  D o n e  i n  t h e  P r e s e n t  T e s t .
T h e  m a s s  o f  t h e  g a s e o u s  c h a r g e  i n  t h e  c y l i n d e r  w a s  f o u n d  
{s.86
( s e e  A p p e n d i x )  j ^ a n d  h e n c e  t h e  t e m p e r a t u r e s  a t  t h e  p r i n c i p a l :  
p o i n t s  o n  t h e  c u r v e s .  T h e  t e m p e r a t u r e s  a t  t h e  e n d s  o f  t h e  
d i a g r a m  w e r e  p l o t t e d  i n  F i g s .  4 6  a n d  4 - 7  >  F i g  . 4 6  r e f  e r r i n g  t o  t h e  
h i g h  p r e s s u r e  e n d  a n d  F i g . 4 7  t o  t h e  l o w  p r e s s u r e  e n d .  T h e  
d o t t e d  c u r v e s  a r e  t h e  m o d i f i c a t i o n s  o b t a i n e d  w h e n  t h e  m e t h o d s  
d e s c r i b e d  o n  p p 7 l " 7 2 a r e  a p p l i e d .
T h e  f i n a l  v a l u e s  o f  t h e  s p e c i f i c  h e a t  e x p r e s s e d  i n  f t r l b .  
p e r  f t ?  ' a t  S . T . F  ( t o  f o l l o w  C l e r k T s  p r a c t i c e )  r a n g e  f r o m  2 8 * 2  
t o  2 5 * 8  a s  o b t a i n e d  o n  t h e  e x p a n s i o n  l i n e s ,  a n d  f r o m  2 8 * 2 5  t o  
2 5 * 6  a s  o b t a i n e d  o n  t h e  c o m p r e s s i o n  l i n e s .
T h e s e  r e s u l t s  a r e  a l l  h i g h  a s  c o m p a r e d  w i t h  t h e  f i g u r e s  
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r e v o l u t i o n s
i n  h i s  o r i g i n a l  w o r k .
B e f o r e  h e  a p p l i e d  t h e  e x p e d i e n t  o f  p l o t t i n g  ”  t r u e  
t e m p e r a t u r e  f a l l s ’ '  o n  a  b a s e  o f  m e a n  t e m p e r a t u r e ,  C l e r k  s t a t e s  
t h a t  i n  c a l c u l a t i n g  t h e  m e a n  t e m p e r a t u r e  h e  m a d e  a n  a l l o w a n c e  
f o r  t h e  s l o w i n g  d o w n  o f  t h e  e n g i n e  d u r i n g  t h e  t e s t .  T h i s  h e  
b a s e d  o n  t a c h o m e t e r  r e a d i n g s .
S l o w i n g  D o w n  T e s t .  T h e  r a t e  a t  w h i c h  t h e  s p e e d  d r o p s  j u s t  
a f t e r  t h e  c a m  r o l l e r s  a r e  r e l e a s e d  i s ,  h o w e v e r ,  n o t  e a s y  t o  
o b t a i n  f r o m  s n a p  r e a d i n g s .  T o  f i n d  d e f i n i t e l y  t h e  n a t u r e  o f  
t h e  c h a n g e  i n  s p e e d  i n  t h e  p r e s e n t  t e s t  a n  a p p a r a t u s  i l l u s t r a t e d  
i n  t h e  p h o t o g r a p h  F i g . 4 8  w a s  s e t  u p .  I t  c o n s i s t e d  o f  a  d r u m  
a l o n g s i d e  w h i c h  a  s l i d e  r e s t . c a r r i e d  a  t u n i n g  f o r k ,  t h e  
v i b r a t i o n  o f  w h i c h  w a s  m a i n t a i n e d  e l e c t r i c a l l y .  T h e  e n d  o f  
o n e  p r o n g  o f  t h e  f o r k  c a r r i e d  a  b r a s s  s t y l e  w h i c h  c o u l d  b e  
m a d e  t o  b e a r  o n  a n  i n d i c a t o r  p a p e r  w r a p p e d  r o u n d  t h e  d r u m .
B y  o p e r a t i n g  a  c o n e  c l u t c h  t h e  d r u m  w a s  m a d e  t o  r o t a t e  w i t h  t h e  
c r a n k  s h a f t .  T h e  v i b r a t i o n s  o f  t h e  f o r k  w e r e  r e c o r d e d  a b o u t  
a  h e l i c a l  l i n e  r o u n d  t h e  d r u m .  A n  e x a m i n a t i o n  o f  t h e  w a v e s  i n  
t h e  r e c o r d  o f  v i b r a t i o n s  y i e l d e d  a c l e a r  i n d i c a t i o n  o f  t h e  
c h a n g e  i n  s p e e d .  T h e  c u r v e  o f  t i m e  p e r  r e v o l u t i o n  i s  g i v e n  i n  
F ig .4 9 , r e f e r e n c e  t o  w h i c h  w i l l  s h o w  t h a t  i n  t h e  f i r s t  f i v e  
r e v o l u t i o n s  t h e  d r o p  i n  s p e e d  w a s  o n l y  5•5% .  C l e r k  m e n t i o n s  
5% in t h i s  c o n n e c t i o n .  R e g a r d i n g  t h e  t i m e  f o r  t h e  f i r s t  
r e v o l u t i o n  a f t e r  r e l e a s e  o f  t h e  c a m  r o l l e r s  a s  1 ,  t h e  t i m e s  
f o r  t h e  s u b s e q u e n t  r e v o l u t i o n s  w e r e  1 * 0 0 8 ,  1 * 0 1 6 ,  1 * 0 2 5 ,  1 * 0 3 5 ,  
1 * 0 4 5  r e s p e c t i v e l y .  T h e s e  w e r e  t h e  c o r r e c t i o n  f a c t o r s  a p p l i e d  
in e s t i m a t i n g  m e a n  t e m p e r a t u r e .
C a l c u l a t i o n  o f  M e a n  T e m p e r a t u r e .  P r e s s u r e s  a n d  t h e  
c o r r e s p o n d i n g  v o l u m e s  w e r e  n o t e d  a t  v a r i o u s  p i s t o n  d i s p l a c e m e n t s  
o n  t h e  d i a g r a m  F i g . 4 - 5  .  F r o m  t h e s e  t h e  t e m p e r a t u r e s  w e r e  
c a l c u l a t e d .  T h e s e  t e m p e r a t u r e s  w e r e  t h e n  p l o t t e d  o n  a  b a s e  
o f  c r a n k  a n g l e s  a n d  t h e  c u r v e s  i n  F i g . 5 0  w e r e  t h u s  f o r m e d .
T h e  t a b u l a t e d  v a l u e s  a r e  t o  b e  f o u n d  i n  T a b l e  T h e  m e a n
t e m p e r a t u r e  i n  a n y  s t r o k e  w a s  o b t a i n e d  b y  m e a s u r i n g  t h e  a r e a  
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u n d e r  t h e  t e m p e r a t u r e  c u r v e  f o r  t h a t  s t r o k e  a n d  d i v i d i n g  b y  
t h e  b a s e  l e n g t h .  A  s i m i l a r  p r o c e d u r e  w a s  f o l l o w e d  l a t e r  f o r  
t h e  p a r t i a l  s t r o k e s .  T h e  t i m e  c o r r e c t i o n  f a c t o r s  w e r e  a p p l i e d  
t o  t h e  m e a n  v a l u e s  s o  o b t a i n e d .
T h i s  i s  a  p a r t  o f  t h e  w o r k  n o t  d e a l t  w i t h  i n  d e t a i l  b y  
C l e r k  i n  h i s  p a p e r  r e a d  b e f o r e  t h e  R o y a l  S o c i e t y ;  b u t  i t  i s  
a s s u m e d  t h a t  h i s  p r o c e d u r e  w a s  s u b s t a n t i a l l y  t h e  s a m e  a s  h e r e i n  
d e s c r i b e d .  I n  f i n d i n g  t h e  m e a n  t e m p e r a t u r e s  h e  n e g l e c t e d  t h e  
o b l i q u i t y  o f  t h e  c o n n e c t i n g  r o d ,  b u t  i n  t h e  p r e s e n t  t e s t  t h e  
t r u e  c r a n k  a n g l e s  w e r e  u s e d .
C l e r k  r e f e r s  t o  a  s m a l l  e r r o r  i n  t h e  i n d i c a t o r  a t  t h e  l o w
p r e s s u r e  e n d  a s  c o n s i d e r a b l y  a f f e c t i n g  t h e  r e s u l t s .  I t  w a s  
p e r h a p s  w h e n  h e  p r o c e e d e d  t o  f i n d  t h e  t e m p e r a t u r e s  a l o n g  t h e  
c u r v e s  t h a t  h e  f o u n d  t h i s  o u t .  R e f e r e n c e  t o  T a b l e  X 3 T  o r  t o  
F i g  .50  w i l l  s h o w  t h a t  d u r i n g  e a c h  c o m p r e s s i o n  s t r o k e  f o r  a  
p a r t  o f  t h e  h a l f  r e v o l u t i o n  t h e  t e m p e r a t u r e  i s  a p p a r e n t l y  
l o w e r  t h a n  t h a t  a t  t h e  b e g i n n i n g  o f  c o m p r e s s i o n .  A n  e r r o r  o f  
0 * 1  m m  i n  t h e  i n d i c a t o r  d i a g r a m  c a n  a c c o u n t  f o r  t h i s .  T h e  
e r r o r  i n  o b t a i n i n g  t h e  m e a n  t e m p e r a t u r e  f o r  t h e  w h o l e  s t r o k e ,  
o f  f o r  a  d o u b l e  s t r o k e ,  i s  n o t  p e r h a p s  o f  v e r y  g r e a t  m o m e n t ;  
a n d  w h e n  t h e  c a l c u l a t i o n s  a r e  c o n f i n e d  t o  t h e  h i g h  t e m p e r a t u r e  
e n d  o f  t h e  d i a g r a m  i t  i s  n o t  l i k e l y  t h a t  t h e  e r r o r  i s  
i m p o r  t a n  t .
S o m e  r e f e r e n c e  t o  t h i s  w i l l  b e  m a d e  l a t e r .
T h e  ” t r u e  t e m p e r a t u r e  f a l l s ”  f o r  t h e  f u l l  d o u b l e - s t r o k e s
a r e  p l o t t e d  o n  a  b a s e  o f  m e a n  t e m p e r a t u r e  i n  F ' i g J S i  .  T h e
v a l u e s  o f  ®  a s  o b t a i n e d  b y  t h e  m e t h o d  o f  a p p r o x i m a t i o n s  w i l l
b e  f o u n d  t o  a g r e e  c l o s e l y  w i t h  t h e  v a l u e s  d e r i v e d  f r o m  t h i s
c u r v e  in  t h e  manner p r e v io u s ly  d e s c r i b e d .  T h i s  i s  a  v a l u a b l e
c o r r o b o r a t i o n  o f  t h e  v a l i d i t y  o f  C l e r k ' s  e x p e d i e n t  o f  s e c u r i n g
t h e  H t r u e  t e m p e r a t u r e  f a l l s ”  f r o m  s u c h  a  c u r v e .
fxfcl
A  s i m i l a r  c u r v e  i s  g i v e n  i n  Fig .52 .//*or t h e  p a r t i a l  
d o u b l e  s t r o k e s .  F r o m  t h i s  c u r v e  w e r e c  o b t a i n e d  t h e  f i n a l l y -  
a d o p t e d  v a l u e s  o f  t h e  s p e c i f i c  h e a t .  T h e s e  a r e  f o u n d  t o  b e  























s m a l l e r  t h a n  t h e  v a l u e s  o b t a i n e d  f r o m  t h e  f u l l  s t r o k e s .  T h i s  
w a s  a l s o  C l e r k  f s  e x p e r i e n c e .
W h e n  t h e  f i n a l  s p e c i f i c  h e a t  v a l u e s  f o u n d  i n  t h i s  t e s t  
w e r e  c o n v e r t e d  t o  t h e r m a l  u n i t s  p e r  l b .  a n d  p l o t t e d  o n  a  b a s e  
o f  t e m p e r a t u r e ,  t h e y  g a v e  a  c u r v e  c o n c a v e  d o w n w a r d s  ( F i g  . 5 3 , ^ . 8 2 . )  
T h i s  w a s  t h e  t y p e  o f  c u r v e  g i v e n  b y  C l e r k f s  o r i g i n a l  e x p e r i m e n t .
I t  i s  d i f f i c u l t  t o  s h o w  c o n c l u s i v e l y  w h y  t h i s  s h o u l d  b e  
c h a r a c t e r i s t i c  o f  t h e  m e t h o d ,  f o r  a l t h o u g h  l e a k a g e  i s  k n o w n  t o  
t a k e  p l a c e ,  i t s  a m o u n t  i s  u n k n o w n ;  a n d  t h e  e f f e c t s  o f  l e a k a g e  
i n  g e n e r a l  a r e  s o  c o m p l e x  t h a t  i t s  i n f l u e n c e  o n  t h e  s h a p e  o f  
t h e  c u r v e  i s  n o t  e a s i l y  p r e d i c t e d .  T h e  t e m p e r a t u r e s  a r e  
c a l c u l a t e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  m a s s  r e m a i n s  c o n s t a n t .
T h e  t r u e  t e m p e r a t u r e  v a l u e s  s h o u l d  o n  t h e  w h o l e  b e  g r e a t e r  
t h a n  t h o s e  u s e d .  T h i s  b y  i t s e l f  w o u l d  t e n d  t o  m a k e  t h e  
c a l c u l a t e d  v a l u e s  o f  t h e  t h e r m a l  c a p a c i t y  t o o  g r e a t ;  b u t ' ,  
b e c a u s e  o f  l e a k a g e ,  t h e  w o r k  v a l u e s ,  t v ,  u r ,  ,  e t c .  a r e  s m a l l e r  
t h a n  t h e y  w o u l d  b e  w i t h o u t  l e a k a g e .  T h i s  b y  i t s e l f  w o u l d  
m a k e  t h e  c a l c u l a t e d  v a l u e s  o f  t h e  t h e r m a l  c a p a c i t y  t o o  s m a l l .  
T h e s e  t w o  i n f l u e n c e s  p r a c t i c a l l y  a n n u l  e a c h  o t h e r .  B u t  t h e  
t h e r m a l  c a p a c i t i e s  o n  t h e  l o w e r  r a n g e  a p p l y  t o  a  s m a l l e r  
m a s s  ( d u e  t o  l e a k a g e )  t h a n  t h e  t h e r m a l  c a p a c i t i e s  o n  t h e  
M g h e r *  r a n g e .  A  c o r r e c t i o n  f o r  s u c h  l o s s  i n  m a s s  w o u l d  
r e d u c e  t h e  d o w n w a r d '  c o n c a v i t y  o f  t h e  c u r v e  a n d  b r i n g  i t  i n t o  
c l o s e r  c o r r e s p o n d e n c e  w i t h  t h e  g e n e r a l l y  a c c e p t e d  f o r m  w h i c h  
i s  a l s o  g i v e n  i n  F i g . 5 3 > ^ - & 2
T h i s  c u r v e  w a s  o b t a i n e d  b y  a p p l y i n g  t h e  e q u a t i o n s  f o r  t h e  
s p e c i f i c  h e a t  o f  t h e  c o n s t i t u e n t s  g i v e n  b y  P a r t i n g t o n  a n d  
S h i l l i n g .  ( S e e  t h e  c o r r e c t e d  c o n s t a n t s  u s e d  b y  P r o f e s s o r  
W . J . G o u d i e  i n  " E n e r g y  C h a r t s  f o r  t h e  C a l c u l a t i o n  o f  S t a n d a r d  
E f f i c i e n c i e s  o f  I n t e r n a l  C o m b u s t i o n  E n g i n e s " ,  P r o c . o f  E n g .  a n d  
S h i p b u i l d e r s  i n  S c o t l a n d ,  1 9 2 9 )  .
T h e  r e a s o n  f o r  t h e  h i g h  v a l u e s  o f  t h e  s p e c i f i c  h e a t  o b t a i n e d  
f r o m  t h e  f u l l  s t r o k e s  n o  d o u b t  l i e s  i n  t h e  u s u a l  d e f e c t s  o f  a  
m e c h a n i c a l  i n d i c a t o r .  B e c a u s e  o f  f r i c t i o n ,  t h e  o b s e r v e d  
t e m p e r a t u r e /
t e m p e r a t u r e  o n  t h e  d i a g r a m  a t  t h e  i n n e r  e n d  o f  t h e  s t r o k e  
t e n d s  t o  h e  l o w ,  a n d  a t  t h e  o u t e r  e n d  h i g h .  I t  i s  p o s s i b l e  
t h a t  t h e  t o t a l  e r r o r  i n  t h e  d i f f e r e n c e  i n  t e m p e r a t u r e  
b e t w e e n  t h e  e n d s  o f  a  c u r v e  f o r  t h e  f u l l  s t r o k e  a m o u n t s  t o  
s o m e t h i n g  o f  t h e  o r d e r  o f  4 0 ° ,  b y  f a r  t h e  g r e a t e r  p a r t  o f  w h i c h  
e r r o r  i s  a t t r i b u t a b l e  t o  t h e  o u t e r  -  o r  l o w  t e m p e r a t u r e  -  e n d .  
T h e  u s e  o f  t h e  h i g h  t e m p e r a t u r e  e n d  o n l y  i s  a  v e r y  s o u n d  
e x p e d i e n t .
S o m e  C o m m e n t s  o n  C l e r k * s  C o n c l u s i o n s .  C l e r k  b e l i e v e d  t h a t  
c o m b u s t i o n  w a s  s t i l l  p r o c e e d i n g  e v e n  d u r i n g  t h e  f i r s t  
r e - e x p a n s i o n  B C  ( F i g  * 4 1 , ^ 1  j .  I n  s u p p o r t  o f  t h i s  v i e w  h e  d i r e c t e d  
a t t e n t i o n  t o  t h e  f a c t  t h a t  t h e  s p e c i f i c  h e a t  c a l c u l a t e d  f r o m  
t h e  f i r s t  t h r e e - t e n t h s  o f  t h e  s  t r o k e  B C  w a s  s m a l l e r  t h a n  t h a t  
c a l c u l a t e d  f r o m  t h e  w h o l e  s t r o k e .  A  r e f e r e n c e  t o  t h e  f i g u r e s  
g i v e n  i n  t h e  a p p e n d i x  pp&J-JIshows  t h a t  t h i s  a p p l i e s  t o  e v e r y  
e x p a n s i o n  l i n e  d o w n  t h e  r a n g e ,  a n d  s i n c e  i t  c a n n o t  b e  s e r i o u s l y  
c o n t e n d e d  t h a t  c o m b u s t i o n  i s  p r o c e e d i n g  s o  f a r ,  t h e  a r g u m e n t  
s e e m s  t o  f a l l  t h r o u g h .  I t  i s  s u f f i c i e n t l y  c l e a r  t h a t  t h e  
e r r o r s  i n s e p a r a b l e  f r o m  t h e  l o w  t e m p e r a t u r e  e n d  o f  t h e  
d i a g r a m  c a n  a l o n e  q u i t e  a c c o u n t  f o r  t h e  d i s c r e p a n c y .
H o p k i n s o n  p e r f o r m e d  s o m e  e x p e r i m e n t s  o n  t h e  c o m p r e s s i o n  
a n d  e x p a n s i o n  o f  a i r  a n d  t h e  c o n s e q u e n t  c h a n g e s  i n  t e m p e r a t u r e .  
H e  c o n c l u d e d  t h a t  h e a t  w a s  a c t u a l l y  b e i n g  g a i n e d  b y  t h e  g a s  
d u r i n g  p a r t  o f  t h e  e x p a n s i o n  s t r o k e .  C l e r k  f o l l o w e d  t h i s  u p  
w i t h  a  s e r i e s  o f  t e s t s  o n  a i r  a n d  f o u n d  t h a t  " t h e  g a s  d o e s  n o t  
o n  t h e  w h o l e  g a i n  h e a t  d u r i n g  t h e  f i r s t  h a l f  o f  t h e  e x p a n s i o n  
s t r o k e  a s  w a s  f o u n d  b y  H o p k i n s o n .  B u t  t h e  e x p e r i m e n t s  d o  s h o w  
t h a t  f o r  s o m e  r e a s o n  t h e  h e a t  l o s s  i s  d i v i d e d  v e r y  u n e q u a l l y  
b e t w e e n  t h e  c o m p r e s s i o n  a n d  e x p a n s i o n  s t r o k e s . "
T h e s e  e x p e r i m e n t s  o n  a i r  w e r e  c a r r i e d  o u t  a t  c o m p a r a t i v e l y  
l o w  t e m p e r a t u r e .  T h e  w o r k  a t  t h e  h i g h  t e m p e r a t u r e s  i n  t h e  
t e s t s  o n  t h e  g a s e o u s  p r o d u c t s  i n  a  g a s  e n g i n e  c y l i n d e r  i s  
n o t  3 - i k e l y  t o  s h o w  t h e s e  e f f e c t s  t o  a  v e r y  m a r k e d  d e g r e e ,  
C e r t a i n l y ,  i n  t h e  t e s t ,  h e r e i n  d e s c r i b e d  t h e  v a l u e s  o b t a i n e d  


























Pa r t ia l  c o m p r e s s io n s
• 4 -00»2oo1000
MEAN TEM PER ATU RE. FOR PARTIAL STROKES CA 0*S
8 5
f r o m  t h e  e x p a n s i o n  a n d  c o m p r e s s i o n  l i n e s - a r e  i n  s o  f u l l  
a g r e e m e n t  t h a t  t h e r e  i s  n o  c l e a r  e v i d e n c e  o f  t h i s  u n e v e n  
d i s t r i b u t i o n  o f  h e a t  l o s s .  T o  v e r i f y  t h i s ,  t h e  p o i n t s  i n  
F i g . 5 4  w e r e  o b t a i n e d  f r o m  t h e  s e p a r a t e  p a r t i a l  c o m p r e s s i o n  
a n d  p a r t i a l  e x p a n s i o n  s t r o k e s  a n d  w e r e  f o u n d  t o  l i e  o n  a  
c o n t i n u o u s  c u r v e  e x c e p t  a t  t h e  l o w  t e m p e r a t u r e  e n d  w h e r e  t h e  
v a l u e s  a r e  n e c e s s a r i l y  u n r e l i a b l e .
The above-m en t ioned  work o f  C le rk  and Hopkinson i s  
summarised in  the  Second R e p o r t  of  th e  B r i t i s h  A s s o c i a t i o n  
Gaseous E x p lo s io n s  Committee*
*
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APPENDIX. (to SECTION 5 ! /
R eadings and C a lc u la t io n s  in  the T est o f the C lerk Method#
Engine D im en sion s, C ylinder d iam eter = 7 in s ;  s tr o k e , 15 in s .
3
Stroke d isp lacem en t volume = 0*3341 f t .
3
C learance volume • . = 6*09114 f t .
O b serv a tio n s, E t c .
Jack et tem perature = 44*4°C; Spark p o in t = -1 2 ° ;  R evs/m in, = 2 0 3 .2 .
j oAir drawn in  per minute = 24*06 f t .  a t  15 C and 760 mm.
Gas used  per c y c le  = 0*0406 ft* a t  15°C and 760 mm.
The volume o f th e  lb -m o lecu le  o f gas a t  15°C and 760 mm = 378*4ft.
Mols o f a ir  per c y c le  » x  —  = 0*00062582.
203*2 378*4
n .n 4*o ^
Mols o f f u e l  gas per c y c le  =   = 0*0001073.
378*4
Temperature o f exh au st gases = 562°C by p o ten tio m eter .
P ressure o f  exhaust gases a t  end o f s tr o k e  = 14 lb s /in ^  abs. from 
the d isp la c e d  l ig h t - s p r in g  diagram.
(The d isp la c e d  l ig h t - s p r in g  diagram shows d e f i n i t e l y  th a t a t  
the end o f  the exh au st strok e  the gases are under a p a r t ia l  
vacuum. This i s  no doubt due to  the e f f e c t  o f the exhaust
c a lo r im eter  c o n s is t in g  o f a lon g  pipe through which the gases  
pass a t  h igh  v e lo c i t y .  Towards the end o f the strok e where 
the p is to n  speed drops to  zero  the g a ses in  the pipe are s t i l l  
moving w ith  h igh  v e lo c i t y  and are thus s e t t in g  up a p a r t ia l  
vacuum in  the c y lin d e r .)
The method used in  o b ta in in g  the t o t a l  mass o f gas in  the  
cy lin d er  during the t e s t  i s  th a t d escr ib ed  by R osecrans and 
F elbeck  in  ”A Thermodynamic A n a ly sis  o f  Gas Engine T e sts” 
(U n iv e r s ity  o f  I l l i n o i s  E n gin eering  Experiment S ta t io n .
B u lle t in  No. 150) .
Volume o f  1 mol a t 562°c and 14 lb /in V  = —  -t-g.7-£ x M il x 378*4
' 288 14-0
= 1152 f t 3 .
Mols o f exhaust gas in  c learan ce  space = = Q* 0Q00791
1152----------------------
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The com p osition  o f  the charge w ith in  the c y lin d e r  i s  th e r e fo r e
f u e l  gas 0•0001075
a ir  0*0006258
exh au st gas 0*0000791
T ota l 0*0008122
The tem perature a t any p o in t in  the c y c le  may be found by 
a p p ly in g  PV = MRT where M i s  the number o f  m ols and R i s  the  
u n iv e r sa l'.g a s  con stan t*  The v a lu e  o f  R adopted here  i s  
2797 f t* lb * /° C  x m ol.
The curves o f F ig .45 are p lo t te d  from Table XUto a s c a le  o f  
4 W = 1 cm. a}ong the p ressu re  a x i s .  The sp r in g  number o f the  
o r ig in a l  diagram i s  2 0 0 .
1 cm on the o r ig in a l  diagram r e p r e se n ts  § —  lb /ir i2- •
* ■ 4 in s . on the new diagram r e p r e se n ts  *552 lb /in *  .
2.54
or 1 i n .  = 19*68 lb / in 2* .
The d is ta n c e  o f the zero  p ressu re  l in e  below the atm ospheric
l in e  = ?0 ' 26 x  0 *.49  ■ = 0 .7 5 5  i n .  where 3 0 .2 6  i n s .  i s  the
19*68 
barom eter r ea d in g .
i
On F ig .4 5  1 in* = 19*68 x 0 * ^ p41’ x 144 = 94*68 f t . l b .
A reas; w = 49*77 in4 4712 .2 f t . lb . W, 4108*6 f t . lb .
w -w, = 6*575 in* — 605*6 f t . lb . w2 = 5548*6 f t . lb .
W, -W* = 5*915 in1. = 560*0 f t . lb . w3 = 5291*1 f t . l b .
wa -w5 = 2 .7 2  in1. = 257*5 f t . lb . w4 2954*2 f t . lb .
w3 -w4 = 5*77 in* = 556*9 f t . lb . W5 = 2 7 8 8 .9 f t . lb .
W4 -W5 = 1 .555  in* = 145.5 f t . lb . w6 = 2498*2 f t . lb .
Ws -V4 = 5*07 in* zz 2 9 0 .7 f t . lb . W7 = 2590*5 f t . lb .
Yh -W7 = 1*14 in? = 107*9 f t . l b . Wg 2214*2 f t . lb .
w7 -w6 = 1*86  in?’ = 176*1 f t . lb . = 2156*1 f t . lb .
w8 -w9 = 0*825 in* = 78*1 f t . lb .
The tem peratures a long  the curves g iven  in  Table X2. are ob ta in ed
P Vby a su c c e s s iv e  a p p lic a t io n  o f T = jj^ r* ..
Exam ination o f  F u ll  Expansion L in e s .
From F ig .4*6 the f i r s t  approxim ations a r e ,
0, = 185; ^  = 1 0 2 ; ^ = 71; K  = 51.
8 = -------- ^ ------- .--  -  — °*§Lt2  = 8*80 f t . l b .
t, -  t ot -  185 467
t3______ _ 5291
t (l -  t oz -102 590
Sf = --------   -  5 £ £ i lL .  = 8*44  f t . l b .
>z/
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Q Ws 2788*9 = 8 .2 9
-  87 337
s W-, 2 390 .3 = 7*56
t.* -  *04 -  51 303
w,
s





29 0 .7  
= 8 .9 2  = 35*1;





* ' T e m p e r a t u r e  f a l l s  o n  d o u b l e  s t r o k e s  b e c o m e :
g  = 1560 -  1231 -  64 = 265/
g ,  = 1231 -  1041 -  42 = 148.
gt = 1041 - 904 - 35 = 102.
g = 904 -  813 - 23 = 68.°5
These are used  to  form the m od ified  curve in  F i g .46 , (?-77
New tem perature f a l l s  on expansion  l in e s  from m od ified  
curve are 158 > 83, 55, 36.
F o r  s e c o n d  a p p r o x i m a t i o n
S = ______ Hi---------- = ll? -8.*-?. = 8.22 f t . l b .  = 28*2 f t . l b . / f t ?
500
s. =  Hi------- = = 8*04 f t . l b .  = 27*6 f t . l b . / f t ?
409
w,
* o .  -
w3
- 152
-  t ot
w5
-  83
*t z " t oS
w7
— 55s ,  = _H*  = = 7*91 f t . l b .  = 27*1 f t . l b . / f t .z ‘ 353 /
Sa= _Hi  = = 7*53 f t . l b .  = 25*8 f t . l b . / f t 3.
t l5 -  t 04 -  36 318
Where the f t .  i s  a t  S .T .P . and the volume o f the lb .m o l i s  taken
* nas 359 f t .  a t  0 C and 760 mm.
Exam ination o f  F u l l  Compression L in e s .
From F i g . 'A7 the f i r s t  approxim ations are 






t , -  t 0+ 195 528
Wz 3548*6
t (, — t 0| "*■ 96 419
2934*2
* I Z  “" t  O Z  + 59 361
We 2498*2
t,* -  t 05 + 44 315






“3T.13T 1 7 .9 ;
^  -  W7
R* “
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W. -  W, 78" 1__ _______
s' = = 10,0 *
Temperature f a l l s  on double str o k e s  become 
?: z z 1227 -  908 + 67*6 = 387= 908 -  739 + 30*4 = 199
= 739 -  633 + 17*9 = 124
633 -  550 + 13*6 = 97
= 550 -  492 10 68
These are used to  form the m od ified  curve in  Fig.47>(?*77
The new tem perature f a l l s  on com pression l in e s  from the m od ified
curve are r e s p e c t iv e ly  2 4 0 , 110, 6 6 ,  4 9 , 5 4 .
For second approxim ation
w _ 4712*2
t, -  t« + 240 573
w* 3548*6 _
t u -  t 0, + 110 4^3
W* 2934*2
-  t 0l + 66 “ 368
2498*2
-  t 0J + 49 = 320
2214*2
“ 0^4 + 34 297
i W*  , a
4 = T— — T T a = T 9 7 —  = 7 *46  f t . l h .  = 25*6 f t . l b . / f t :
where the f-t- i s  measured a t S .T .P .
Mean T em peratures;
These are ob ta in ed  from F ig  .5 0 , (pf>j*>sife f>-8o)













c o rrec ted  
fo r  speed  
°C .a b s .
Averages fo r  
double & trok es
°C .abs ®C.abs
AB 20*30 4*51 1302 1302 Ton Q
BC 16*04 3*565 1113 1117 jLiiuy T r\ co
CD 13*14 2*920 984 987 O A  c; JLU O c.
BE 11*17 2*480 896 904 OCD
EF 9*12 2*028 806 813 790
ooo
FG 8*05 1*789 758 767 •7^  T
GH 6*46 1*435 687 695 677
( O JL
HI 5*61 1*247 649 660 638
IJ 4*64 1*030 606 616 601
JK 3*90 0 * 8 6 6 573 586
Allowance i s  made fo r  the f a c t  th a t the o r d in a te s  are measured 
from 4 0 0 °C a b s .
(b) Mean/
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( b )  M e a n  t e m p e r a t u r e s  o n  p a r t i a l  s t r o k e s .
A r e a M e a n M e a n M e a n  T e m p . A v e r a g e  f o r
C u r v e u n d e r h e i g h t T e m p c o r r e c t e d d o u b l e  s e g m e n t s
c u r v e i n s 0 2  . a b s f o r  s p e e d
i n ? O C . a b s ° C . a b s .
l c 8 * 1 9 5 * 3 7 0 1 4 7 4 1 4 7 4 1 4 2 1l e 7 * 3 8 4 * 8 3 9 1 3 6 8 1 3 6 8
2 c 5 * 6 8 5 3 * 7 2 8 1 1 4 6 1 1 5 1 1 1 2 5, 2 e 5 * 3 0 3 * 4 7 5 1 0 9 5 1 1 0 0
3 c 4 * 2 0 2 * 7 5 4 9 5 1 9 5 9 9 4 23 e 3 * 9 5 5 2 * 5 9 3 9 1 9 9 2 6
3 c 3 - 2 6 2 - 1 3 8 8 2 8 8 3 8 8 2 34 e 3 * 0 5 2 * 0 0 0 8 0 0 8 0 9
5 c 2 * 5 5 5 1 * 6 7 5 7 3 5 7 4 8 7 3 85 e 2 * 4 2 1 * 5 8 7 7 1 7 7 2 9
W o r k  a r e a s :
u -  v t f ,  =  2 * 0 5 5  i n 2  =  1 9 2 * 7  f t . l b .  « * r  =  2 4 3 0 * 9  f t l b .  u > -5  =  1 5 1 3  f  t J L b  .
W i - u r 5 =  1 * 0 3  i n ?  =  9 7 * 5  f t . l b .  s  =  2 2 3 8  f t l b .  W 6  =  1 3 6 6 . 7 f t l b .
u ^ - u r s =  0 * 6 1 5  i n ^  =  5 8 * 2  f t . l b .  > *  =  1 8 8 7 * 9  f t l b .  «r7 =  1 3 2 5  f t J L b .
« r f e - u r 7 =  0 * 5 0  i n 2  =  4 7 * 3 4  f t . l b .  ^  =  1 7 9 0  f t . l b .  u r 8 =  1 2 1 7 . l f t . l b
0 * 3 0  i n ?  =  2 8 * 4  f t . l b .  u ^ =  1 5 7 6 * 4  f t . l b .  < ^ =  1 1 8 9  f t l b .
W h e n  f a i r e d  u p  b y  d r a w i n g  a  c u r v e  t h e s e  v a l u e s j ^ b e c o m e  ' ( i . e .  ) /
r e s p e c t i v e l y  1 9 3 ,  9 8 ,  6 3 ,  4 2 ,  a n d  2 8 .
O b s e r v e d  t e m p e r a t u r e  f a l l s :
l c a n d l e , 1 3 4 3  -  1 1 6 1  =  1 8 2 .
2 c a n d 2 e , 1 0 1 0  -  9 3 1  =  7 9 .
3  c a n d 3 e , 8 3 0  -  7 8 8  =  4 2 .
4 c a n d 4 e , 7 0 8  -  6 7 3  =  3 4 .
5 c a n d 5 e , 6 2 7  -  6 1 2  =  1 5 .
W h e n  f a i r e d  u p  b y  d r a w i n g  a  c u r v e  t h e s e  v a l u e s  b e c o m e  
r e s p e c t i v e l y  1 8 2 ,  7 9 ,  4 2 ,  2 6 ,  1 8 .
T r u e  t e m p e r a t u r e  f a l l s  o n  t h e  d o u b l e  p a r t i a l  s t r o k e s  a r e
gn = 1 8 2 + 1 9 3  8  *  2 3 2 0 5 * 4
g*. = 7 9 + 9 88 * 1 9 9 1 * 0
g u t = 4 2 + 6 37 * 9 8 4 9 * 9
8n, = 2 6 + 4 2  _  7 * 8 3 1 * 4
g " * = 1 8 + 2 87 * 4 6 2 1 * 8
These are p lo t te d  a g a in s t  mean tem perature to form Fig.52,|a.& l 
From F ig  .52. t h e  v a lu e s  o f te m p e r a tu r e -fa lls  on the s in g le  p arts are 
found. T h e s e  are as fo llo w s :
l e , 8 9 * 5 l c , 1 1 7
2 e , 4 2 2 c , 4 9 * 5
3 e , 2 3 * 5 3 c , 2 6
4 e , 1 5 4 c , 1 75 e , 1 0  . 5 5 c , 1 1 . 5
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= 6 *94 f t . l b .  
= 6*58 f t . l b .  
= 6*17 f t . l b .  
= 6-17 f t . l b .
813-627+11•5
-  2450.*9 _
334
-  1887*9 -
270*5 ~
_ 1576*4 _ 
~ “S W ------
= 1566*7 _ 
213
= 1217*1 = 
197*5
7*28 f  t . l b . 
6*9$ f t . l b .  
6*65 f t . l b .  
6*42 f t . l b .  
6*17 f t . l b .
= 24*8 f t . l b . / f t  
= 0*2256 CHD/lb. x  93.
= 23 *8 f t .  I t  . / f t 3 
= 0*2166 CHD/lb. x 93.
= 22*5 f t .  lb  . / f t ’
= 0*2053 CBU/lb-x cfc.
= 21*2  f t .  lb  . / f t ’
= 0*1926 CHD/lb. x °C.
= 21*2  f t . l b . / f t 3 
= 0*1926 CHD/lb. x  93.
= 25*0 f t .  lb  . / f t 3 
= 0*2272 C.HU/lb. x °C.
= 23*9 f t .  lb  . / f t 3 
= 0*2178 C.HD/lb. x
= 2 2 * 8  f t .  lb  . / f t 5 
= 0*2075 C.HD/lb. x °C.
= 22*0  f t . l b  . / f t 3 
= 0 *2004 C.HD/lb. x 93.
= 21*2  f t .  lb  . / f t 5 
= 0*1926 CHD/lb. x <D.
V olum etric Com position o f the F uel Gas is
CO*, 3 * 9 /;  C2 H6 , 2*2^; 0* ,0*5$; CO, 18*2 /; CH+ , 20*2^;
H2 , 4 9 * 1 /;  N2 , 5*9$
V olum etric Com position o f fi?bducts *
0*022 CaH6 g iv e s  r i s e  to  0*044 C0Z and 0*066 Ha0 , u s in g  0*077 02
0*182 CO w " 11 0*182 CO* . . M 0*091 0*.
0*202 CH4 " " M 0*202 C02 and 0*404 H20 , 11 0*404 0 ,
0*491 H2 h " H 0*491 H20 m 0*2455 0Z
a Z
i . 1 ft .  o f  gas u ses from the a ir  0*817 ft .  0  ^ and forms 
0*428 f t 3 C0Z and 0*961 f t !  Hz0 .
The a c tu a l a ir /g a s  r a t io  = 5*833.
1 3When 1 ft. o f gas i s  burned w ith  5*833 f t .  dry a ir  the com position  
o f  the products i s :  0*467 C02 +0 *96lH20+4*967 + 0*413 0Z •
i . e .  by volume: 6*859$C02 , 14*116#Ha0 , 72*959$NZ, 6*066^02 . 
Assuming th a t t h i s  i s  a lso  the com position  o f the exhaust gases  
in  the c lea ra n ce  sp a ce , the e q u iv a len t m olecular w eigh t of the  
gaseous charge i s :
0*06859 x 44 + 0*14116 x 18 + 0*72959 x 28 + 0*06066 x 32 = 28*183. 
T h is /
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This i s  made up o f  3*01800* + 2*541H2,0 + 22*624 0Z and Nt .
These f ig u r e s  are used fo r  f in d in g  the curve o f  s p e c i f i c
h e a t from the eq u a tio n s o f P artin g ton  and S h i l l in g  (c o r r e c te d
by P ro fe sso r  G o u d ie ). The eq u a tio n s are:
fo r  CO* Cv = 5*596 + 5*057 x 10'3T -  1*02 x 10"4 T2 .
fo r  0* ^etcC ,, = 4*9467 + 0*3 IT* x 10“\
fo r  H*0 Gv = 7*249 -  2*468 x 1CT5T + 2*34 x 10 T*.
They apply to  the lb -m o le c u le .
By d iv id in g  the va lu es o f  the s p e c i f i c  h e a t o f the m ixture  
by 28*183 the s p e c i f i c  h e a ts  in  C .H .U /lb  x °C are  o b ta in ed . 
These are p lo t te d  to g eth er  w ith  the exp erim en ta l v a lu es in  
F ig .5 $ r jp-82.
SECTION V I.
The marked lu m in o s ity  o f  th e  charge during th e  
com bustion p er iod  le d  to  an exam in ation  o f  th e  p o s s i b i l i t i e s  
o f  making u se  o f i t  in  d eterm in ing  th e  tem perature o f  the  
g a s e s .  A l l  o p t ic a l  pyrom eters are based on th e  th eory  
o f  “b la ck  body*1 r a d ia to r s  and th e  q u e s t io n  th a t a r o se  was 
how n e a r ly  the lum inous charge in  the en g in e approxim ated  
a t any in s ta n t  to  “b la ck  body” c o n d it io n s . T his could  
o n ly  be answered by t r i a l .
A p o la r is in g  pyrometer was o b ta in ed  which was c a lib r a te d  
d ir e c t ly  to  read  th e  tem peratures o f  a “b la ck  body11 or t o t a l  
r a d ia to r .  A N a tio n a l P h y s ic a l Laboratory c e r t i f i c a t e  
accompanied th e  instrum ent s t a t in g  th a t i t  was c o r r e c t  
“w ith in  th e  l im it s  o f  s e t t in g  in  te c h n ic a l  p r a c t i c e .” 
P o la r is in g  Pyrom eter.
The p o la r is in g  pyrometer i s  i l lu s t r a t e d  by the diagram  
F ig .5 5 ,  j? . 9 .^ The r a d ia t io n  from the h o t o b je c t  p a sse s  through  
th e  window 1 and then  through the c ir c u la r  h o le  2 .  The 
e l e c t r i c  lamp illu m in a te s  th e  m att su rfa ce  o f  a r ig h t-a n g le d  
prism 3 and the l i g h t  i s  d ir e c te d  to  the c ir c u la r  h o le  4 
which i s  p laced  sym m etrica lly  w ith  2 about the o p t ic a l  a x is  
o f  the system . The le n s  5 ren d ers th e  two beams o f  l ig h t  
p a r a l l e l .  They are each s p l i t  in to  two components p o la r ise d  
at r ig h t  an g les by th e  Rochon prism 6 . An image from each  
o f  the two sou rces i s  brought in to  ju x ta p o s it io n  by the  
e f f e c t  o f  the b ip rism  combined w ith  th e  le n s  7 . A ll  the  
other images formed by the system  are screened o u t . The 
v i s i b l e  images appear as two se m i-c ir c u la r  a r e a s . The 
N ic o l prism  8 i s  capable o f  r o ta t io n , th e  amount being  
read ab le  a t the ind ex  arms 9 . I f  the beams from the lamp 
and the o u ts id e  source are o f  'eq u a l in t e n s i t y ,  the two 
h a lv e s  o f  the v i s i b l e  f i e l d  are eq u a lly  illu m in a ted  when 
t h e /
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the p lane o f  p o la r is a t io n  o f  th e  N ic o l  i s  a t 4 5 °  to  the  
d ir e c t io n  o f  p o la r is a t io n  o f  e ith e r  beam. The appearance  
through th e  e y e p ie c e  i s  then  th a t  o f  a u n iform ly  il lu m in ­
a ted  c i r c l e  w ith  a d iam etra l l in e  a cro ss i t .
The o b se r v a tio n s  in  p r a c t ic e  are co n fin ed  to  a narrow  
band o f  th e  spectrum by the in tr o d u c tio n  in to  th e  system  o f  
a s u ita b le  red  g l a s s .  This p asses l i g h t  which may be 
regarded  as b e in g  a l l  o f  one e f f e c t i v e  wave le n g th  A .
I f  a standard in t e n s i t y  I i s  used a t th e  e l e c t r i c  lamp 
. and th e  instrum ent i s  a d ju sted  in  turn  to  match t h i s  a g a in s t  
two o th er  i n t e n s i t i e s  I ,  and I z the a n g les  o f  r o ta t io n  o f  
th e  N ic o l ,  <pt and <pz are such th a t
I. -  t anz -  -  _ _ -  m
1 Z t S K ^ r
The pyrometer i s  e s s e n t ia l ly  a photom eter.
A pplying Wien*s Law to  eq u ation  (1)
«j,=  ^  ^  o r , ta k in g  lo g a r ith m s,
2 (log;tan<£>- lo g .ta n < ^ ) =
I f  t/^ an d  Tz r e fe r  to  a co n sta n t stan d ard , then th e  equ ation  
becomes
l o g * t a n = a -  -  -  -  -  (2 )
This means th a t v a lu e s  o f l o g . t a n <p p lo t t e d  a g a in s t
1 ^ iv e  a s t r a ig h t  l i n e .
T
A p p lica tio n  to  E ngine.
The r a p id ly  changing c o n d itio n s  during combustion  
ren d ered  i t  n ecessa ry  to  make u se  o f  the r e p e t i t iv e  natu re
o f  th e  c y c le  in  order to  examine th e  lu m in o sity  at any given
p o in t .  But any apparatus d ev ised  for  r e g u la r ly  in t e r ­
m it te n t  o b serv a tio n  had to  tr e a t  both the standard beam 
from the lamp and the beam from the engine a b so lu te ly  a l ik e .  
O therwise the two h a lv es o f  the v i s i b l e  f i e l d  could  not be 
prop erly  matched.
The/
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The arrangem ent w hich th e  w r ite r  d e v ise d  is  i l l u s t r a t e d  
d iagram m atica lly  in  F ig .5 k 7p . 9b. The pyrometer 1 i s  p laced  
on the a x is  o f  th e  c y lin d e r . On th e  cam -shaft 4 a sp in d le  
i s  c a r r ie d  which d r iv e s ,  through t-evel g e a r s , a d is c  5 .
T his d is c  c a r r ie s  a s l o t  a t such a r a d iu s  as to  uncover th e  
e y ep ie ce  o f  the pyrometer when i t  r o t a t e s .  The len g th  
o f  the s l o t  i s  e q u iv a le n t  to  about 5° o f  cam -shaft a n g le .
A c lu tc h  6 en a b les  th e  d is c  to  be d isen gaged  w h ile  i t s  
phase an g le  i s  a l t e r e d .  The d e t a i l s  o f  the arrangement 
are c le a r ly  seen in  the photograph F i g .57, p . %. This
apparatus y ie ld e d  very c o n s is t e n t  r e s u l t s ,  th e  m atching  
b ein g  much more e a s i ly  accom plished  than m ight have been  
e x p e c ted .
T e s t s .
The e l e c t r i c  lamp o f  th e  pyrometer was sta n d a rd ised  
a g a in s t  an amyl a c e ta te  lamp accord ing  to  the maker’s 
in s tr u c t io n s  and accord in g  to  the terms o f  the N .F .L . 
c e r t i f i c a t e .  The current was noted  on the ammeter which  
accom panies the in stru m en t, and t h i s  was th e  cu rren t  
m ainta ined  throughout the t e s t s .
W ith the en g in e  running norm ally , o b se r v a tio n s  o f  th e  
gas-consum ption e t c .  were made in  th e  ordinary way. The 
phase an g le  o f  the d is c  was ad ju sted  u n t i l  the pyrometer 
gave i t s  maximum tem perature rea d in g . This was found to  
be about 1200°C. w h ile  the in d ic a to r  diagram recorded  a 
maximum tem perature o f  about 1900°C. I t  was a t  once 
dvident th a t the instrum ent was not r e c e iv in g  a **black body** 
r a d ia t io n .
I t  was n ot known, how ever, to what ex te n t ab sorp tion  
by th e  window was a f f e c t in g  the r e a d in g s . To t e s t  t h i s ,  
read in gs were made on a standard flam e (p a r a ff in  lamp) 
w ith  and w ith ou t the cylinder-w indow  in te rv e n in g  between  
the pyrometer and the flam e. The d i f f e r e n c e ,  even when 
t h e /
th e  window was s l i g h t l y  s ta in e d  w ith  r u s t  and m o is tu r e , . 
was found to  he o n ly  o f  th e  order o f  20°C* T h is was 
checked by m easuring the a b so rp tio n  o f  the window on a 
liummer-Brodhun photom eter.
I f  T, and Ta are the tem peratures read  o f f  when th ere  
i s  no window and when th ere  i s  a window between th e  pyrom eter 
and a f u l l  r a d ia to r ,  i t  may be shown, by u s in g  eq u a tio n s  
(1) and (2) page 95  , th a t
c o e f f i c i e n t  and C i s  a c o n sta n t.
When the v a lu e  o f K ob ta in ed  on th e  Iummer-Brodhun 
photom eter was a p p lie d , i t  was again  found th a t  the e f f e c t  
o f the ab so rp tio n  on the rea d in g s was o f  l i t t l e  accou n t.
The low r ea d in g  o f  tem perature i s  alm ost e n t i r e ly ,  
i t  would appear, due to th e  f a c t  th a t  the gaseous charge 
during com bustion i s  far  from r a d ia t in g  l ik e  a wb lack  body” .
S in ce  t h i s  luminous charge i s  n o t a f u l l  r a d ia to r  and 
th e r e fo r e  does n o t conform to  W ien's Law, an a l t e r n a t iv e  
i s  to  assume th a t i t  conforms to  some equation  o f  the same
form as W ienf s .  This i s  done in  c e r ta in  c a s e s .
I t  m ight be asked why n o t take a gas fla m e, n o te  i t s  
tem perature w ith  some form o f  d ir e c t-r e a d in g  in stru m en t, 
and a l s o  the rea d in g  on the pyrom eter, then by means o f  a ir -  
b la s t  o b ta in  h ig h er  tem peratures and correspond ing read in gs?  
Such a method seems the s im p le st  for  so lv in g  th e  problem.
But i t  does n o t f i t  th is  c a s e . The ordinary Bunsen flam e  
i s  so f a i n t l y  luminous as n o t to  be seen  a t a l l  through  
the p o la r is in g  pyrom eter, and t h is  i s  s t i l l  tru e  when, w ith  
the a ir - b la s t  on, the flam e i s  h o t enough to  m elt w ith  
ease an iron  w ir e . I t  seems th a t th e  charge in  the engine
where K i s  the a b so rp tio n
( 1)
%bL
(1) M e n d e n h a l l  & I n g e r s o l l .  fh y s .R ev . 25 , p . l .  1907.
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i s  a lto g e th e r  d i f f e r e n t  in  i t s  c h a r a c t e r i s t ic s  from the  
ord inary bunsen f la m e . I s  i t s  lu m in o s ity  due to  i t s  
h igh  p ressu re  or to  the form ation  o f  carbon p a r t i c l e s  
during combustion? Whatever may be th e  c a u se , i t  would  
seem th a t  we cannot reproduce a r t i f i c i a l l y  fo r  c a l ib r a t io n  
purposes th e  c o n d it io n s  o f  com bustion in s id e  th e  c y lin d e r .
I f  a law s im ila r  to  W ien! s i s  assumed then an 
eq u ation  such as (2) p .^ 5  a p p lie s  to  th e  in stru m en t. The 
va lu es o f  <fi and T a t two p o in ts  are a l l  th a t are r e q u ir e d .
To o b ta in  such v a lu e s  i t  i s  n o t un reason ab le  to  su g g est  
th a t  two p o in ts  may be chosen f a i r l y  la t e  in  th e  luminous 
p eriod  o f  com bustion in  th e  en g in e , where therm al eq u i­
lib riu m  may be regarded  as com p lete . The tem peratures a t  
th e se  p o in ts  w i l l  c lo s e ly  agree w ith  the % ean tem p eratu res’* 
ob ta in ed  from the in d ic a to r  diagram. These mean 
tem peratures w ith  the corresponding v a lu e s  o f  <$> w i l l  f i x  
the d e s ir e d  e q u a tio n , and by u s in g  i t ,  probable v a lu es  
o f  tem perature may be o b ta in ed  for  th e  e a r ly  p art o f  the  
com bustion p r o c e ss . This treatm ent a p p lied  to  some t e s t s  
r e v e a le d  w eakn ess. I t  would appear th a t  changes in  the  
working co n d itio n s  have a co n sid era b le  in f lu e n c e  on th e  
q u a lity  o f  the r a d ia t io n , and t h i s  ren d ers a s in g le  
eq u ation  ob ta in ed  on the b a s is  above d escr ib ed  on ly  v a lid  
( i f  a t a l l )  fo r  a s in g le  s e t  o f  c o n d it io n s  o f  spark advance 
and a ir /g a s  r a t i o .
Two s e r ie s  o f  t e s t s  were run , one s e r ie s  (J) a t  
d if f e r e n t  an g les o f  advance o f  the spark and th e  second  
s e r ie s  (K) a t d i f f e r e n t  a ir /g a s  r a t i o s .
TableXSI g iv e s  the e s s e n t ia l  f ig u r e s  r e la t in g  to  th e  
c o n d itio n s  o f  the t e s t s  and T ablefflT gives the com position  
o f  the gas •
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Air/m in  
a t 760mm 
8c 150 C.
G a s/c y c le  
a t 760mm. 
8c 15°C. 
ft*








Angle o f  
Advance o f  
Spark 
D e g re es .
J l 2 2 .4 1 0 .0 4 2 1 5 .2 6 526 - 3 0 |
J2 2 3 .5 4 0 .0 4 0 0 5 .6 5 6 548 -2 2 f
J3 2 3 .5 0 0 .0 4 0 1 5 .6 4 8 549 -1 5 §
J4 2 3 .6 0 0 .0 4 0 3 5 .650 559 — 5*
J5 2 3 .4 1 0 .0 4 0 1 5 .580 584 + 4
K1 2 3 .5 0 0 .0 4 0 1 5 .6 4 8 549 -1 5 §
E2 2 3 .9 7 0 .0 3 7 6 6 .1 3 6 536 - 1 5 |
K3 2 4 .4 8 0 .0 3 5 9 6 .4 9 6 520 -1 5 §
K4 2 4 .5 2 0 .0 3 4 5 6 .8 0 0 508 -15-1
K5 2 4 .8 0 0 .0 3 2 8 7 .2 3 6 494 -15^
Jacket tem perature in  a l l  c a ses  w ith in  2 °  o f  110°F .
Table 33ZII
co* o* CO c iu
Heavy 
H ydro-carbons
3 .6 0 .3 1 9 .1 1 8 .4 5 0 .8 5 .6 2 .2
During each t e s t  o b se r v a tio n s  were made by means o f  
th e  pyrometer on the red  r a d ia t io n  a t  d i f f e r e n t  p o in ts  in  
th e  c y c le .  The v a lu es o f  <d> thus ob ta in ed  g iv e  a measure 
o f  the in t e n s i t y  r e la t iv e  to  th a t o f  the red  r a d ia t io n  from 
the standard amyl a c e ta te  flam e. The f ig u r e s  fo r  t h i s  
part o f  th e  work are g iven  in  Table^Vlllj? Joo-
Curves o f  Hmean tem perature11 were ob ta in ed  from the  
in d ic a to r  diagram s fo r  J l  and fo r  S e r ie s  K, in  a manner 
a lread y  d escr ib ed  in  con n ection  w ith  S e r ie s  D on p.63  
These curves are to  be seen  in  F i g . 58 (o p p o s ite  p .102) .
On th e  same base o f  crank a n g le , the va lu es o f  <p are p lo t te d  
in  each c a se .
In the ca se  o f  T est J l  p o in ts  are chosen on the  
o r d in a te s  A and B to apply the tem perature eq u ation  as 
d e sc r ib ed  on p E x tra p o la tin g  back in to  the r e g io n
i
o f  chem ical and therm al i n s t a b i l i t y  th e  curve T i s  
o b ta in ed .
V a r ia tio n s in  the red  r a d ia t io n  in  r e la t io n  to  th e  p ressu re  e tc .
The p o in t th a t i s  n o t ic e d  a t once i s  th a t in  a l l  th ese  




”mean tem p erature” , which f a l l s  p r a c t ic a l ly  on the p o in t  
o f maximum p r e ssu r e . The r ec o rd in g  gear has been  
re-exam in ed  fo r  b a ck -la sh  c o r r e c t io n  e t c .  but any in accu racy  
th a t  cou ld  be found was i n s u f f i c i e n t  to  a f f e c t  t h i s  
fe a tu r e  o f  the c u r v es .
I t  m ight w ith  reason  be assumed th a t th e  maximum 
in t e n s i t y  on any one w ave-len g th  c o in c id e s  w ith  the maximum 
in t e n s i t y  o f  t o t a l  r a d ia t io n  o f  a l l  wave le n g th s .
I f  t h i s  i s  tru e  (and i t  i s  so fo r  a ”b la ck  body”) th e  
t e s t s  are a t v a r ia n ce  w ith  the work o f  IT o fe sso r  W .T.D avid.
( 1)
D avid fs c u rv es , an example o f  which i s  g iv en  in  F ig .  59 
show th e  maximum in t e n s i t y  as ta k in g  p lace  p rev iou s to  
maximum ”mean tem perature” •
FIQs 5 9
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I t  seems to  the w r ite r  th a t the maximum in t e n s i t y  
o f  r a d ia t io n  i s  more l ik e l y  to take p lace a f t e r  the p o in t  
o f  maximum p ressu re  than b e fo r e . The photographic reco rd s  
o f  S e c tio n s  I I I  and IV do not g iv e  any ev id en ce  o f  a con d ition
s ll___________ !-------------------------------------------
(1) P roc.In st.M ech .E n g . V o l .I I .  1924. p .7 6 3 .
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o f  in te n s e  r a d ia t io n  ta k in g  p la ce  p rev iou s to  th e  p o in t
o f  maximum p r e ssu r e . Nor i s  such a c o n d it io n  supported
by th e  r e s u l t s  o f  H opkinsonf s measurement o f  tem p eratures
( 1)
d u rin g  an e x p lo s io n  in  a c lo se d  v e s s e l .  The h ig h e s t
tem perature reached  a t  any tim e d u rin g  the e x p lo s io n  i s
a t th e  core o f  th e  charge a f t e r  th e  p o in t o f  maximum
p ressu re  has ju s t  been p a ssed . The gas i s  la r g e ly
(2)
tra n sp a ren t to  i t s  own r a d ia t io n  and thus i t  i s  l i k e l y  
th a t  t h i s  maximum tem perature c o in c id e s  w ith  the p o in t o f  
maximum in t e n s i t y  o f  r a d ia t io n .
In the curves fo r  J l  in  F i g . 58 p.tox i t  w i l l  be
n o t ic e d  th a t th e  maximum va lu e o f  T1 i s  n o t much more than
th e  maximum "mean tem perature” . In H opkinsonfs
experim ents i t  would appear th a t th e  tem perature o f  th e
c en tr e  o f  th e  charge i s  some 400° h igh er  than the Mmean 
tem perature” a t  the p o in t o f  maximum p r e ssu r e . I t  may 
be th a t the tu rb u len t c o n d itio n  o f  the gases when ig n i t io n  
ta k e s  p lace  ren d ers the combustion process in  th e  en g in e  
even l e s s  comparable w ith  the c o n d it io n s  in  H opkinsonf s 
c lo s e d  v e s s e l  than has h ith e r to  been supposed. This a ls o  
a p p lie s  to  D avid f s work on the same app aratu s.
The assum ption , which has been made in  order to  o b ta in  
th e  curve T*, how ever, i s  to  be accep ted  w ith  r e s e r v e . When 
the eq u ation  ob ta in ed  in  J l  i s  a p p lie d  t o ,  sa y , K5 th e  
r e s u l t in g  tem perature i s  u n rea so n a b le . The maximum 
tem perature e stim a ted  from the R v a lu e s  i s  1890°C. a b s . ,  as  
compared w ith  a maximum ”mean tem perature” o f  2030°C. a b s .  
By t e s t in g  the r e s u l t s  in  t h i s  way, i t  i s  found th a t th e  
r e la t io n s h ip  between <fi and tem perature i s  d i f f e r e n t  in  the  
d if f e r e n t  t e s t s  ( J l  and S e r ie s  K) • The q u a l ity  o f th e  
r a d ia t io n , th e r e fo r e , seems to  change very co n sid era b ly  
from / _______________________________________________ ______________
(1) P roc.R oy .S ocy• V ol.77A . 1906.
(2) C allen d ar. B .A . E xp losion s Comm. Third R ep ort. Append .A.
LJ . . T l - v -  rfl b  —
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from t e s t  to  t e s t ,  the c h ie f  f a c to r  no doubt b e in g  th e  
a ir /g a s  r a t i o .
V a r ia tio n  in  th e  t o t a l  r e d  r a d ia t io n .
The t e s t s  o f  S e r ie s  J were run a t v a r io u s a n g les  o f  
advance o f  th e  spark . S in ce  the in t e n s i t y  o f  r a d ia t io n  
i s  p r o p o r tio n a l to  tarfcj? i t  i s  o f  in t e r e s t  to  n o te  th e  
v a r ia t io n  o f  t a n ^  w ith  crank an g le  in  the d i f f e r e n t  c a s e s .  
To t h i s  end th e  curves o f  F ig .G o p .104-were p lo t t e d .  These 
curves are w orthy o f  stu d y  in  con ju n ction  w ith  the photo­
grap h ic  record  and th e  in d ic a to r  diagrams o b ta in ed  from a 
s im ila r  s e r ie s  o f  t e s t s  (D) pp.58efsec(. The same 
c h a r a c t e r i s t i c s  are d is c e r n ib le  in  both c a s e s .  As th e  
spark i s  advanced the maximum in t e n s i t y  o f  th e  r a d ia t io n  
goes up and th e  period  o f  r a d ia t io n  i s  more pro lon ged . On 
ex p a n sio n , how ever, the p r e ssu r e s , tem peratures and 
i n t e n s i t i e s  in  th o se  c a se s  w ith  an advanced spark are lower 
than in  th o se  w ith  a la t e r  spark . This g en era l ch a ra cter ­
i s t i c  i s  w e l l  su sta in e d  throughout a l l  the t e s t s  d e a lt  w ith  
in  t h i s  r e p o r t .
Now the in t e n s i t y  o f  r a d ia t io n  i s  a t im e -r a te  o f  
d is s ip a t io n  o f  en ergy , and a s c a le  o f  crank a n g le s  i s  r e a l ly  
a s c a le  o f  t im e . Hence the area under a curve o f  tan1^  i s  
a measure o f  j E .d t ,  or t o t a l  energy r a d ia ted  on the g iv en  
w a v e-len g th  during the ra d ia n t p e r io d .
F ig .^ 2. i s  a curve o f  such a rea s taken from f i g . 6 0  and
p lo t t e d  on a base o f  angle  o f advance o f  th e  sp ark . Here 
we se e  how e x c e s s iv e  the r a d ia ted  energy becomes a t la r g e
a n g le s  o f  spark-advance.
In F ig .G I are p lo t te d  the tan2<fc va lu es fo r  S e r ie s  K
and the areas under the curves are p lo t te d  on a base o f
a ir /g a s  in  F ig .k b  The very marked in c re a se  o f
r a d ia te d  energy w ith  in crea sed  stren g th  o f  th e  m ixture ho 
dou bt/
V3dV
Ajjsisraj- fc) 3ON/0Us “DA^n:’
doubt h e lp s  to  e x p la in  th e  commonly accep ted  f a c t  th a t  
weak m ix tu res g iv e  the b e s t  therm al e f f i c i e n c y .
I t  i s  s c a r c e ly  p e r m iss ib le  to  g e n e r a l is e  very  
b road ly  from th e  p a r t ic u la r  r e s u l t s  o f  th e se  t e s t s ,  
d e a lin g  as th ey  do w ith  on ly  a narrow band o f  w a v e - le n g th s ,  
but i t  i s  sa fe  to  assume th a t  the in t e n s i t y  o f  r a d ia t io n  
o f  any g iven  w a v e-len g th  in c r e a se s  and d ecrea ses  a long  
w ith  -  though n o t n e c e s s a r i ly  in  p rop ortion  as -  th e  t o t a l  
r a d ia t io n  on a l l  w a v e -le n g th s .
Comment on th eory  o f  ”a fte r -b u r n in g ” •
I t  w i l l  be n o t ic e d  th a t  the cu rves o f  <f> are very
r e g u la r .  Many o f  th ose  who b e l ie v e  in  the id ea  o f
na fte r -b u r n in g ” support th e ir  b e l i e f  w ith  r e fe r e n c e s  to  
p er io d s o f  an 11 iso th e r m a l” nature d e te c ta b le  on ord inary  
in d ic a to r  cards a t the b eg in n in g  o f  th e  expansion  cu rve. 
Here we have a property -  th e  lu m in o s ity  o f  com bustion -  
capable o f  measurement by an instrum ent which i s  su b je c t
n e ith e r  to  f r i c t i o n  nor to  in e r t ia ,  and in  th e se  t e s t s  i t
has a ffo rd ed  n o t th e  s l i g h t e s t  ev id en ce  o f  a su sta in e d  
chem ical a c t i v i t y  such as the ”a fte r -b u r n in g ” t h e o r is t s  
c o n c e iv e .
The w r ite r  b e l ie v e s  th a t th ese  t e s t s  dem onstrate th a t  
th e  r e p e t i t iv e  natu re  o f  the e n g in e -e x p lo s io n  can be used  
to  measure the t o t a l  r a d ia t io n , and th a t  they  w i l l  lead  
to  th e  c o n str u c tio n  o f  s p e c ia l  apparatus fo r  t h is  purpose.
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